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ABSTRACT 
Studies of Triassic magnetostratigraphy started in the 1960’s, with focus on poorly 
fossilferous non-marine red-beds. Construction of the Triassic geomagnetic polarity 
timescale was not consolidated until the 1990’s, when access to magnetometers of 
sufficient sensitivity, became widely available to measure specimens from marine 
successions. The biostratigraphically-calibrated magnetostratigraphy for the Lower 
Triassic is currently largely based on ammonoid zonations from Boreal successions. 
Exceptions are the Permian-Triassic and Olenekian-Anisian boundaries, which have 
more extensive magnetostratigraphic studies calibrated by conodont zonations. 
Extensive magnetostratigraphic studies of non-marine Lower Triassic successions 
allow a validation and cross-calibration of the marine-based ages into some non-
marine successions. The Middle Triassic magnetostratigraphic time scale is strongly 
age-constrained by conodont and ammonoid zonations from multiple Tethyan 
carbonate successions, the conclusions of which are supported by detailed work on 
several non-marine Anisian successions. The mid Carnian is the only extensive 
interval in the Triassic in which biostratigraphioc- based age calibration of the 
magnetostratigraphy is not well resolved. Problems remain with the Norian and early 
Rhaetian in properly constraining the magnetostratigraphic correlation between the 
well-validated non-marine successions, such as the Newark Supergroup, and the 
marine-section based polarity timescale. The highest time-resolution available from 
magnetozone correlations should be about 20-30 kyrs. The average magnetozone 
duration is~ 240 kys, for the Lower and Middle Triassic, and about twice this for the 
Upper Triassic. 
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The early pioneering work of Brunhes (1906) and Matuyama (1929) recognised that 
volcanic rocks recorded magnetisation directions similar to the orientation of the 
present day Earth’s magnetic field (i.e. of normal polarity), but also that some 
volcanic rocks recorded older magnetisation directions which were in the opposite 
direction (i.e. of reverse polarity). Motonori Matuyama was the first to suggest that 
these directions recorded the reversal in the main (i.e. dipole) component of the 
Earth’s magnetic field (see discussion of early developments in Jacobs 1963). The 
first studies on the natural remanent magnetization and magnetic properties of 
sedimentary rocks were conducted in the late 1930’s and 1940’s, often with the focus 
on Pleistocene continental sediments (e.g., McNish & Johnson 1938; Ising 1942, 
Nagata 1945; Graham 1949; Torreson et al. 1949). In the 1950’s, more comprehensive 
work on Neogene volcanic rocks showed a consistent stratigraphic pattern in the 
recorded polarity of magnetisations, i.e. a magnetostratigraphy (see Irving 1964; 
Hailwood 1989; McElhinney & McFadden 2000 and for a review of these early 
developments).  
 
Palaeomagnetic data from Triassic red-bed sediments were first published by Clegg et 
al. (1954) and Creer et al. (1954). The later authors also undertook the first published 
magnetostratigraphic study, focussing on the Late Proterozoic from the UK. 
Palaeomagnetic work on other Triassic successions, from the USA, quickly followed 
(Graham 1955; Runcorn 1955; Du Bois 1957), demonstrating that other sediments 
also recorded magnetisations of both reverse and normal polarity. Radiometric 
evidence, providing convincing support that the Earth’s magnetic field polarity 
changes were synchronous on a global scale, was firmly established in the early 
1960’s (Irving 1964; see review in McElhinney & McFadden 2000), which Vine and 
Matthews (1963) used in their sea-floor spreading model, linking Earth’s magnetic 
field polarity changes with sea-floor magnetic anomaly lineations.  
 
Roots of a Triassic Geomagnetic Polarity Timescale (GPTS) 
Most of the palaeomagnetic work in the 1950’s and 1960’s was directed to providing 
data to support the concepts of continental drift (Irving 1964). Work by Creer (1958, 
1959) on part of the UK Middle Triassic was the earliest Triassic palaeomagnetic 
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study that placed a set of palaeomagnetic samples into stratigraphic order to produce a 
simple magnetostratigraphy.  
 
The early pioneer in the development of magnetostratigraphy for stratigraphic 
correlation was A. N. Khramov, who published the seminal summary of on-going 
Russian work in 1958 (Khramov 1958). This was primarily focussed on extensive 
studies of Neogene and Quaternary successions in western Turkmenistan (Cheleken 
Peninsula), but was also significant (Irving 1964; Glen 1982) in that it discussed 
fundamental magnetostratigraphic concepts, such as the use of multiple sections, 
minimum sampling requirements to define magnetozones, and palaeomagnetic data 
quality. It also anticipated the construction of a geomagnetic polarity timescale 
(GPTS) for dating and correlation. In addition, Khramov (1958) outlined a 
rudimentary working knowledge (without details) of the magnetostratigraphy from 
Upper Permian and Lower Triassic sections in the Vyatka River region of the Moscow 
Basin. Details of this multiple-section magnetostratigraphic study, appeared 
subsequently (Khramov 1963), and was quickly followed by studies on the Chugwater 
Formation in the SW USA (Picard 1964) and the German Upper Buntsandstein 
(Burek 1967, 1970).  
 
The focus of Triassic magnetostratigraphic studies in the 1950’s to early 1980’s was 
on terrestrial red-bed successions, since these provided natural remanent 
magnetisations that could be easily measured on the early astatic magnetometers and 
the later fluxgate spinner magnetometers then available (Collinson et al. 1957; Gough 
1964). During this period, the development of routine magnetic cleaning techniques, 
referred to as demagnetisation (As & Zijderveld 1958; Creer 1959; Wilson 1961) and 
more rigorous analysis (i.e. using least-square best fitting methods; Kirschvink 1980) 
of palaeomagnetic data, was developed into methodologies that are routinely used 
today. The widespread use of full demagnetisation techniques, now accepted as 
standard for extracting primary magnetisations, was only fully embraced in the 
1970’s. As such there is some scepticism about the validity of palaeomagnetic data 
generated prior to the 1970’s, which is in part expressed in the quality criteria 
suggested by Opdyke and Channell (1996) for classifying magnetostratigraphic data. 
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It was not until the development of superconducting quantum interference device 
(SQUID) magnetometers in the 1970’s (Goree & Fuller 1976), and their widespread 
use since the 1980’s and 1990’s, that the weakly magnetic specimens found in many 
marine Triassic successions could be suitably measured, demagnetised, and primary 
magnetisation components extracted. This development finally heralded the expansion 
of detailed studies on the construction of a Triassic GPTS, after earlier attempts to 
apply the new instrumentation to limestone successions of other ages (e.g. Martin 
1975; Heller 1977). The seminal magnetostratigraphic works of Lowrie and Alvarez 
(1977) and Channell et al. (1979) on Cretaceous limestones of the Apennines and the 
Southern Alps, respectively, were influential and were followed by work on the 
Triassic by Heller et al. (1988), McFadden et al. (1988) and Steiner et al. (1989) who 
provided the first detailed magnetostratigraphic studies of Triassic carbonates, in 
predominantly marine successions.  
 
Early developments of the Triassic GPTS 
The first attempts at construction of a Triassic GPTS through the 1960’s and 1970’s 
were inevitably fragmentary, being based around non-marine successions, which were 
often imprecisely dated by vertebrates and palynomorphs. Khramov (1963) was the 
first to attempt construction of a Lower and Middle Triassic GPTS, based on the 
Vetluga successions from the Moscow Basin and existing studies from the western 
literature. This was later followed by attempts at a complete Triassic GPTS by 
McElhinney and Burek (1971), Pergament et al. (1971), Pechersky and Khramov 
(1973), and Molostovsky et al. (1976).  
 
In spite of the rapid development of the GPTS for the latest Jurassic to Pleistocene, 
mainly through study of sea-floor linear magnetic anomalies, the absence of Triassic 
sea-floor largely impeded the development of a detailed Triassic GPTS until the 
widespread availability of SQUID magnetometers in the late 1980’s. A feature that 
also characterises most of the Triassic magnetostratigraphic studies and GPTS 
construction prior to the 1990’s is the common lack of true integration with detailed 
biostratigraphies provided by the co-study of, e.g., ammonoids and conodonts. It is the 
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initial expansion of such integration in the early 1990’s with studies such as Ogg & 
Steiner (1991) using ammonoids, and Gallet et al. (1992; 1993) using conodonts, that 
the Triassic GPTS has now been developed into such detail. In the last two decades 
there has been much progress, particularly in calibrating the pattern of reverse and 
normal magnetic field polarity changes against conodont biostratigraphies (Muttoni et 
al. 1996a, 2000, 2004; Gallet et al. 1998, 2000a, 2007; Channell et al. 2003).  
The time resolution of magnetostratigraphic 
correlation 
Correlation using magnetostratigraphic principles is at two scales. Firstly, the 
changing pattern of magnetic polarity (i.e. magnetozones) over a stratigraphic interval 
can provide a distinctive ‘bar-code’ pattern for correlation. This is because magnetic 
field reversal is essentially a stochastic process, giving random length-durations of 
magnetozones (McElhinney & McFadden 2000; Lowrie & Kent 2004). The longer the 
fragment of the polarity ‘bar-code’, and the more constraints from other stratigraphic 
tools, the greater is the confidence in intersection correlation. For the Cenozoic, the 
maximum resolution of the GPTS is about 20–30 kyrs, with reversals on average 
every ~0.22 Ma (McElhinney & McFadden 2000; Lowrie & Kent 2004). The Late 
Triassic appears to have a reversal rate somewhat similar to the Cenozoic, with a 
maximum magnetozone resolution of about 30 kyrs (Kent et al. 1995; Kent & Olsen 
1999). 
 
Secondly, correlation of the boundaries (transitions) of magnetozones provides the 
highest resolution of correlation. Studies on the Cenozoic suggest that time durations 
of magnetic field polarity transitions from reverse to normal (or vice-versa) are 
between 1000 to 8000 years, probably varying depending upon location and the actual 
magnetozone transition (McElhinney & McFadden 2000). In the Brunhes 
magnetochron (i.e. the normal polarity interval since 0.78 Ma; Cande and Kent, 1995), 
the briefest evidence of pre-emptive polarity changes are geomagnetic excursions, 
which have a duration of less than 10,000 years (Langereis et al. 1997). It is probable 
that similar excursions existed in the Triassic, but without cm-scale studies in 
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successions with high sedimentation rates, the prospect of using such excursions for 
correlation in the Triassic is remote, but possible. 
 
The time resolution provided by magnetostratigraphic correlation is also bound-up 
with sampling density issues, sedimentation rates and the presence of disconformities. 
Highest resolution is achievable from continuously deposited and expanded 
successions with high sedimentation rates, sampled at the smallest stratigraphic 
interval. For this reason, magnetostratigraphic studies can have opposing site-selection 
priorities to biostratigraphic studies, which may focus on condensed successions with 
high fossil recovery rates. 
Stratigraphic principles of magnetostratigraphic 
correlation 
Correlation using magnetostratigraphic normal/reverse polarity ‘bar-code’ patterns 
relies on a number of factors related to the preserved stratigraphy and its sampling. 
a) A reasonable within-section consistency of sedimentation rate is advantageous 
to maintain the relative stratal (and time duration) thicknesses of 
magnetozones through the section. Given a detailed basin-wide sequence 
stratigraphy, it may be possible to estimate sedimentation rate distortions using 
sequence stratigraphic principles. 
b) Stratigraphic gaps can distort the magnetostratigraphic pattern, unless properly 
identified using biostratigraphic data, supported by appropriate sedimentology 
and sequence stratigraphic studies.  
c) Sections representing longer periods of time stand a better chance of providing 
convincing ‘bar-code’ matches.  
d) Sampling resolution should be matched with sedimentation rate, and the 
expected number of polarity changes in a section. If sampling resolution is 
low, polarity changes are frequent, and sedimentation rate is also low and 
variable, then the recovered pattern may be a poor match to the ‘real’ polarity 
pattern. For this reason, it is not good practice to count magnetozones for 
correlation purposes, whereas it is much more reliable to use the dominance of 
polarity as a means for correlation (or use other correlation constraints), since 
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this is not as strongly affected by sampling density and changes in 
sedimentation rate. 
 
Comparison between sections with large between-section sedimentation rate 
differences is best accommodated by stretching or shrinking the entire 
magnetostratigraphic height scale linearly, using as a guide, biostratigraphic or 
radiometric correlation constraints in addition to the magnetostratigraphy. Using such 
scaling, composite timescales can be constructed in a ‘pseudo-height’ scale, based on 
principles of graphic correlation (Shaw 1964; Pälike et al. 2005). We here use these 
principles to develop the Triassic GPTS using marine sections, since with such 
sections there is greater chance of proving continuity using other correlation 
constraints. The major ‘anchor points’ for these composites are indicated on the 
diagrams (e.g., Fig. 1). We then examine the higher detail sometimes available from 
non-marine sections (e.g. Newark Supergroup in the Upper Triassic). We focus 
primarily on the stage boundaries, since these are the only real fixed points in Triassic 
time, and this approach is compatible with other contributions in this book. The 
magnetochron couplets (i.e. each successive N-R pair) in the GPTS are labelled LT, 
MT and UT for the Lower, Middle and Upper Triassic respectively. 
The magnetostratigraphy of the Permian–Triassic 
transition  
The Permian–Triassic boundary (PTB) is located at the first occurrence (FO) of the 
conodont Hindeodus parvus, in the global stratotype setion and point (GSSP) at 
Meishan, China (Yin et al. 2001) (Fig. 1). This FO follows two earlier key events in 
the latest Permian (i.e. in the latest Changhsingian), firstly, the marine extinction 
event, then slightly younger, a negative peak in δ13Ccarb (Yin et al. 2001, 2007; Mundil 
et al. 2004). At all other sites, the location of the PTB is based on correlation to the 
Meishan GSSP, using conodont, carbon isotopic, sequence stratigraphic, palynological 
or magnetostratigraphic data etc. At the Shangsi section in China, the marine 
extinction event is at the boundary of the Dalong and Feixianguan formations 
(Wignall et al. 1995), the negative δ13Ccarb peak is between ~1 to 5 m higher (see 
discussion in Mundil et al. 2004), and the first H. parvus is 4.5 m above the extinction 
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event (Nicoll et al. 2002). At Meishan, the marine extinction event, the associated 
δ
13Ccarb negative peak and the FO of H. parvus are all within a stratigraphic range of 
about 0.3 m (Jin et al. 2000; Yin et al. 2001; 2005). Similarly, sections in Greenland 
show that the δ13Corg negative excursion is slightly younger than an initial palynofloral 
turnover (which is a proxy for the extinction event), to assemblages that contain 
miospores typical of the Triassic (Looy et al. 2001). In the Karoo Basin, the peak of 
tetrapod extinctions is synchronous with the δ13Corg negative excursion (Ward et al. 
2005). 
 
Studies of δ13Ccarb over this transition in the Alps are contradictory with respect to the 
position of the initial isotopic decline, which is either in the upper part of the 
Bellerophon Fm (Magaritz et al. 1988; Sephton et al. 2005), or in the basal Werfen 
Fm (Holser et al. 1989), and reaches a peak at either 10-15 m or ~25 m above the base 
of the Werfen Fm. In both cases, the most negative δ13Ccarb is younger than the FO of 
H. parvus, which is at odds with data from other marine sections.  
 
The situation is more problematic when locating the polarity boundaries with respect 
to these events. In most sections where there is evidence of the latest Permian (such as 
at Shangsi and Guandao in China (Steiner et al. 1989; Lehrmann et al. 2006), and 
Abadeh in Iran (Gallet et al. 2000b), it is characterised by reverse polarity, which 
extends to include the late Permian extinction event itself (Glen et al. in press). In the 
southern Italian Alps, the terrestrial extinction horizon is also located in the reverse 
polarity Bulla Member (Mb) (uppermost part of the Bellerophon Fm; Scholger et al. 
2000; Perri & Farabegoli 2003) about 0.5 m below the top (Cirilli et al. 1998), where 
there is a loss of typical late Permian miospores (e.g. Klausipollenites schaubergeri,  
Jugasporites delsaucei, Nuskoisporites dulhuntyi,  Paravesicaspora splendens) and 
the introduction of forms such as Densoisporites playfordi,  D. nejburgii,  
Convolutispora sp., and Rewanispora vermiculata. This same level also shows 
evidence of massive soil erosion (Sephton et al. 2005).  
 
Sections such as Shuijang and Hechuan in China show a proxy for the extinction 
event (base of Feixanguan Fm), as very near to the base of a normal polarity 
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magnetozone. The magnetostratigraphy for the Meishan GSSP is anomalous with 
respect to other sections, in that it shows the extinction event in the middle parts of a 
normal magnetozone, which begins in the upper part of the Changhsingian. A reverse 
magnetozone in Meishan bed 27, spanning the PTB (Yin et al. 2001), has not been 
confirmed by further sampling (Yin et al. 2005). The most detailed and 
comprehensive marine-based magnetostratigraphic studies at this level are of the 
Shangsi section (Heller et al. 1988; Steiner et al. 1989, Glen et al. in press), and place 
the base of a normal magnetozone (here called LT1n), 0.5 m above the base of the 
Feixianguan Fm (Glen et al. inpress), just above the extinction event and below the 
δ
13Ccarb negative peak. 
 
In all currently studied sections, the FO of H. parvus is within a normal polarity 
magnetozone (Fig. 1), but it also ranges into the lower parts of LT1r in the Shangsi, 
Abadeh, Bulla/Siusi and Lower Guandao sections (Fig. 1). However, the Shangsi data 
is different in detail from other well-dated marine sections, in that the FO of H. parvus 
(in bed 30; Nicoll et al. 2002) occurs below a well-defined reverse magnetozone (here 
equivalent of LT1n.1r, in beds 32 and 33; Fig. 1). Evidence for this magnetozone is 
strong at Shangsi, were it has been identified by Heller et al. (1988), Steiner et al. 
(1989) and Glen et al. (in press). There is also good evidence for a reverse 
magnetozone at about this level in the Deltadalen section on Svalbard (Hounslow et 
al. 2008a), and in S. China in the Shuijiang (~15-17 m above the base of the 
Feixanguan Fm; Heller et al. 1995), and Hechuan sections (~ 3 m above the base of 
the Feixanguan Fm; Steiner et al. 1989), although in all cases without evidence of H. 
parvus. In the Meishan GSSP, Li & Wang (1989) also detected a single reverse 
polarity level, some 1.5 m above the PTB (Fig. 1), which is here interpreted as 
probably LT1n.1r. This reverse magnetozone may also be present in the Guandao 
section (Fig. 1). 
 
Yin et al. (2001) recognised that the range of H. parvus and Otoceras boreale 
overlapped, but at that time placed the boreal Otoceras concavum Zone in the 
Permian. The new detailed data of Bjerager et al. (2006) has demonstrated that the 
PTB occurs within the range of O. concavum in the East Greenland successions, 
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which indicates the PTB occurs within the lowest part of magnetozone LT1n (Fig. 1). 
The same conclusion can be inferred in the Canadian arctic successions (Henderson & 
Baud, 1997), using the maximum flooding surface to infer correlation between Otto 
Fiord and Greisbach Creek. 
 
In conclusion, the following succession of events and markers is associated with the 
marine PTB sections;  
1) Initiation of a strong palynofloral turnover, corresponding to a major floral 
extinction event (in the late Changhsingian), located within a reverse 
magnetozone. This turnover appears to be coincident with extinction events in 
marine biota, as described by Jin et al. (2000a), Looy et al. (2001), Sephton et 
al. (2005) and others.  
2) The base of normal magnetozone LT1n, within the latest Changhsingian. 
3) A minimum in δ13C representing the climax of the late Permian extinctions 
and its effect on Earth systems. This level seems to approximate the major 
tetrapod extinction event (Ward et al. 2005). 
4) The FO of H. parvus in Chinese sections, indicating the base of the Triassic, 
within the occurrence range of O. concavum. 
5) The base of sub-magnetozone LT1n.1r. 
6) The base of LT1r, which occurs within the occurrence ranges of H. parvus and 
the Boreal ammonoid O. boreale (Hounslow et al. 2008a). 
 
The composite GPTS in Figure 1 differs from the solution of Steiner (2006), in that 
the equivalent of LT1n.1r is a magnetozone of half-bar width, and we specifically tie 
the magnetostratigraphy to other events. Steiner’s (2006) magnetostratigraphic 
solution also has a Changhsingian part of the Meishan section in the Griesbachian and 
a clearly Griesbachian part of the Shangsi section in the Changhsingian, both clearly 
erroneous correlation solutions. 
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The magnetostratigraphy of the Induan–Olenekian  
boundary 
The base of the Olenekian is provisionally defined in the Mud M04 section in India 
(Spiti) at the base of bed 13, defined by the FO of Neospathodus waageni s.l. (Fig. 2), 
corresponding also to the initial increase of a positive peak in δ13Ccarb and an 
associated FO of ammonoid Rohillites rohilla (Krystyn et al. 2007). This isotopic 
peak has been dated at Guangxi, China at 251.2 (± 0.2) Ma (Galfetti et al. 2007a; Fig. 
2). Currently, the only section in which this boundary can be closely related to a 
magnetostratigraphy is West Pingdingshan, at Chaohu in China (Krystyn et al. 2007; 
Sun et al. 2007, 2009), just below the base of normal magnetozone WP4n (Fig. 2). 
The magnetostratigraphy of the upper part of the West Pingdingshan section appears 
to bear a close correspondence to that from the Hechuan section, which however lacks 
significant biostratigraphy near the Induan–Olenekian boundary (Fig. 2). The early 
Greisbachian LT1n magnetozone is probably missing at Chaohu, since this section 
appears to lacks the mid-Induan carbon isotopic excursion present in other Chinease 
sections (Yin et al. 2007). The Dienerian interval at Guandao is characterised by 
Neospathodus dieneri and Ns. pakistanensis conodont faunas and is dominated by 
reverse polarity, although there are sampling gaps and intervals of breccia. This 
probably correlates to the interval at Hechuan that includes the upper parts of the 
Feixianguan Fm (Fig. 2). The Ns. pakistanensis conodont fauna underlying the 
positive peak in δ13Ccarb can be closely related to similar events at the Induan–
Olenekian boundary in the Mud proposed GSSP (Krystyn et al. 2007). 
 
The sections from the Sverdrup Basin and Spitsbergen appear to provide the most 
continuous magnetostratigraphy across the Induan–Olenekian boundary, but have a 
somewhat spotty ammonoid and conodont biostratigraphy and are not easily related to 
the proposed GSSP or sections in China. New conodont data from the Creek of Embry 
section on Ellesmere Island in Canada (Baud et al. 2008, Beatty et al., 2008; T. Beatty 
per. Comm. 2008) shows Ns. krystyni and Ns. kummeli overlain by Ns. dieneri, 
suggesting that the base of magnetozone CE1r is equivalent to the base of WP3r (Fig. 
2), which suggests the base of the Olenekian is within the topmost-part of CE1r (i.e. 
LT2r). The apparent equivalent to the CE1r magnetozone at the Greisbach Creek 
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section on Axel Heiburg Island (arctic Canada) is GC2r, in which Vavilovites 
sverdrupi, occurs some 15 m below its top (Fig. 1). The Creek of Embry section 
displays a further ~300 m before the first Euflemingites, indicating a rapid 
sedimentation rate, in this section during the earliest Olenekian. Unfortunately, in this 
section the magnetostratigraphy over this interval is not particularly well defined, with 
many uncertain levels, but nevertheless appears to display two reverse sub-
magnetozones within a normal-polarity dominated interval which probably correlates 
to magnetozone Vh6 at Vikinghøgda and LT4n in the composite (Fig. 2). The interval 
LT3n to LT4r appears to correlate to a reverse polarity dominated interval at 
Vikinghøgda, Hechuan and Gaundao (Fig. 2). Unfortunately, conodonts from strata 
containing Hedenstroemia hedenstroemi are not known from artic Canada and Ns. 
waageni occurs commonly with ammonoids from the E. romunderi Zone (Orchard 
2008). Likewise Ns. cristagalli ranges from the B. strigatus Zone into the V. sverdrupi 
Zone (Orchard 2008), which together with the range of this conodont at Chaohu 
suggests that the Olenekian boundary is much higher in the Creek of Embry section, 
than suggested by the magnetostratigraphy (Sun et al. 2009). These inconsistencies 
may be resolved with a more detailed bio-magnetostratigraphy from the lowest 
Olenekian. 
 
The R. rohilla ammonoid zone at the Mud section can be correlated to the Kashmirites 
densistriatus beds at Guangxi which lie above beds in which H. hedenstroemi is found 
(Galfetti et al. 2007a; Krystyn et al. 2007b), suggesting that the FO of H. 
hedenstroemi lies below the base of the Olenekian. This cannot be demonstrated in the 
Boreal sections with magnetostratigraphy, where H. hedenstroemi at Griesbach Creek 
(Fig. 1) occurs some 12 m above the top of the magnetozone GC3n (Ogg & Steiner 
1991; Tozer 1994; Hounslow et al. 2008a), which is the probable equivalent of LT3n 
(Fig. 1). At Griesbach Creek, Euflemingites cirratus occurs a few metres above the top 
of the section measured by Ogg & Steiner (1991), an ammonoid species which does 
not co-occur with the zonal index E. romunderi in Canada (Tozer 1994), adding some 
support to our interpretation that magnetozone GC4n is the equivalent of LT4n, and 
that the first Euflemingites (at Greisbach Creek) occurs within LT4n (Figs. 1, 2).  
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In the Bulla/Siusi sections in northern Italy, the correlation (Fig. 2) of the upper-most 
normal magnetozone (within the Seis Mb) to West Pingdingshan is consistent with the 
δ
13C positive isotope peak, which characterizes the Induan–Olenekian boundary 
interval (Tong et al. 2007; Richoz et al. 2007). This positive isotopic peak occurs 
some 40-45 m above the top of the section sampled for magnetostratigraphy (Horacek 
et al. 2007; Posenato 2009). However, according to Kozur and Bachmann (2005), the 
base of the Olenekian in the Italian Bulla/Suisi sections is at the base of the 
Pachycladina obliqua conodont Zone, at odds with both the carbon isotopic data, 
others interpretations of the conodont data (Posenato 2009) and the 
magnetostratigraphy, which suggests instead that the P. obliqua Zone in these sections 
begins in the base of LT2r in the Dienerian (Figs. 1, 2). 
 
Within the normal and reverse polarity parts of magnetozone LT2, a number of 
sections show tentative magnetozones. Particularly significant may be those within the 
lower part of CE1r (Creek of Embry section), West Pingdingshan (WP3r), Gaundao 
and the F3 member of the Hechuan section (Fig. 2). These may indicate brief sub-
magnetozones in LT2n and LT2r. The base of magnetozone LT2n appears to be a 
useful approximation of the Griesbachian–Dienerian boundary, as evident by Ns. 
dieneri and Proptychites sp. at this level in the Lower Guandao and Abadeh sections 
(Fig. 1). 
 
Our synthesis of the Induan and Lower Olenekian magnetostratigraphy is similar to 
that of Steiner (2006), but differs in detail, since she tried to integrate both marine and 
non-marine studies in a composite ‘pattern matching’ GPTS. The age assignments of 
Steiner (2006) are also strongly influenced by the intersection correlations and 
biostratigraphy presented by Ogg & Steiner (1991), which are flawed (Hounslow et al. 
2008a). 
Magnetostratigraphy of the Olenekian–Anisian 
boundary 
The base of the Anisian is likely to be defined within the Dęsli Caira section in 
Romania, although the exact boundary is not yet decided (Grădinaru et al. 2007; 
Hounslow et al. 2007a) (Fig. 3). The boundary is here informally placed at the FO of 
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the conodont Chiosella timorensis. There are many magnetostratigraphic studies 
through the Lower–Middle Triassic boundary interval, from both low- and high-
palaeolatitude marine sections (Muttoni et al. 2000 and references therein; Lehrmann 
et al. 2006; Hounslow et al. 2007a, 2008b), and non-marine sections (Steiner et al. 
1993; Nawrocki & Szulc 2000; Huang & Opdyke 2000; Hounslow & McIntosh 2003; 
Dinarès-Turell et al. 2005; Szurlies 2003, 2007). These studies provide independent 
assessment of the sequence of polarity reversals across the Olenekian–Anisian 
boundary and are supplemented by bio-magnetostratigraphies through the remainder 
of the Middle Triassic (Muttoni et al. 2000, 2004a; Szurlies 2007; Hounslow et al. 
2008b).  
 
The Spitsbergen sections have a Spathian magnetostratigraphy which is the best 
constrained by an ammonoid biostratigraphy (Hounslow et al. 2008b). These data 
suggest that the lower Spathian is dominated by normal polarity, with a single reverse 
magnetozone (LT6r) detected at Milne Edwardsfjellet (MF1n.2r), Vikinghøgda 
(Hounslow et al. 2008b), and the Creek of Embry section on Ellesmere Island (i.e. 
CE7r). The data from Ellesmere Island suggest that the overlying reverse 
magnetozone (CE8r, equivalent to LT7r) has a more substantial thickness, which 
Hounslow et al. (2008b) correlated with a magnetozone within the lower part of the 
Keyserlingites subrobustus Zone in the Milne Edwardsfjellet and Vikinghøgda 
sections. It is not possible to confirm this pattern with data from the Hechuan and 
Guandao sections, since age dating of the Hechuan section is poor, and the lower 
Guandao magnetostratigraphy has many sampling gaps over this interval. The other 
reliable magnetostratigraphy at about this level appears to be that from the Moenkopi 
Group in N. Arizona, with a Tirolites ammonoid fauna (indicating Spathian), that 
succeeds beds with Anasibirites and Wasatchites faunas indicating the late Smithian 
(see discussion later; Fig. 4). 
 
The uppermost Olenekian is characterised by a reverse magnetozone LT9r, which can 
be correlated between sections at Kçira (Muttoni et al. 1996a), Chios (Muttoni et al. 
1995), Dęsli Caira (Grădinaru et al. 2007), Guandao (Lehrmann et al. 2006; Orchard 
et al. 2007), and Milne Edwardsfjellet (Hounslow et al. 2008b). Equivalents of 
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magnetozone LT9r also appear to be present in the Hechuan section, if the conodonts 
Neospathodus triangularis and N. homeri are used to constrain the correlation with 
the Guandao sections (Fig. 3). Reverse magnetozone LT9r has at least one normal 
submagnetozone (LT9r.1n), found at Milne Edwardsfjellet, Dęsli Caira and upper 
Guandao. There is some evidence of a second normal polarity submagnetozone within 
LT9r in the upper Guandao (i.e. GU1r.1n) and Hechuan sections, although the 
magnetostratigraphic data from both Guandao sections is ‘noisy’ and contains many 
‘half-bar’ tentative submagnetozones. Based only on the match of 
magnetostratigraphic polarity pattern, Steiner (2006) suggested this interval (i.e. J3 
interval of the Jialingjiang Fm; Fig. 3) at Hechuan to be early Spathian, which is not 
supported by the presence of late Spathian conodont faunas.  
 
Magnetochrons MT1 and MT2 characterise the Olenekian–Anisian transition and can 
be confidently correlated between Kçira, Dęsli Caira, and the Spitsbergen composite 
section (Fig. 3). The reverse and normal parts of these magnetochrons appear to vary 
somewhat in relative thickness, probably due to sedimentation rate and/or sampling 
density differences in the sections near the Olenekian–Anisian boundary (Fig. 3). 
Magnetochrons MT1 and MT2 were not detected at Chios due to faulting and 
presence of a hiatus at the top of LT9r (Muttoni et al. 1996a). A predominantly 
normal polarity interval (MT3n to MT4n; Fig. 3) succeeded by a predominantly 
reverse polarity interval (MT4r to MT6r) are present in the Anisian, up to the 
Pelsonian and Illyrian substages. This pattern is observed at Kçira (Muttoni et al. 
1996a), the Upper Silesia sections in Poland (Nawrocki & Szulc 2000; Nawrocki 
1997), the Albanian Nderlysaj section, the Dont-Monte Rite section from the southern 
Italian Alps (Muttoni et al. 1998), as well as the Granitovo section from Bulgaria 
(Muttoni et al. 2000). 
 
The sections at Guandao and Hechuan are difficult to relate to the Kçira and Dęsli 
Caira sections at the base of the Anisian, since MT1 and MT2 appear to be missing in 
the Chinease sections where MT3n (of Bithynian age, indicated by Nicoraella 
germanica) rests directly on LT9r (Fig. 3). The FO of Ch. timorensis also appears to 
be diachronous relative to the magnetostratigraphy (Hounslow et al. 2007b). The 
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original correlation at Guandao proposed by Lerhmann et al. (2006) suggested that 
GU2n is the equivalent of MT4n (Fig. 3), a correlation that is driven by the conodont 
biostratigraphy but largely ignores the magnetostratigraphy. They also suggested that 
submagnetozones GU1r.1n and GU1r.2n are the equivalent of MT1n and MT2n; this 
is only likely if order of magnitude fluctuations (on a metre to 10 m scale) in the 
sedimentation rate occurred, which is not evident in the lithology of these sections (cf. 
Lehrmann et al. 2006; Orchard et al. 2007). The problems of correlating Guandao to 
other sections also relate to the fact that Nicoraella kockeli and Ni. germanica appear 
very low in the section compared to the bio-magnetostratigraphy in other sections. 
Both these conodonts appear to first occur high up in MT4n at Kçira and in the Upper 
Silesia composite section (Muttoni et al. 1996a; Nawrocki & Szulc 2000; Szurlies 
2007).  
 
Magnetostratigraphy of the non-marine Lower Triassic 
There is a close correspondence between the magnetostratigraphy of Lower Triassic 
marine successions and that from non-marine successions, although correlation details 
are often debatable without other constraining stratigraphic data (Steiner 2006; 
Szurlies 2003, 2007; Fig. 4).  
 
The extinction events in the latest Permian are well constrained in the Karoo Basin 
(South Africa) and probably the German Buntsandstein, by a negative δ13Corg peak 
within what appears to be the lower part of the equivalent of LT1n (Fig. 4). In the 
Karoo Basin, constraint is also provided by the vertebrate extinction event indicated 
by the last occurrence of Dicynodon (Ward et al. 2005). In contrast to the marine 
extinction event, the tetrapod turnover is in the lowest part of LT1n rather than in the 
underlying reverse magnetozone. In the Buntsandstein successions of Germany and 
Poland, the terrestrial extinction event is not well marked; typically late Permian 
palynomorphs such as Lueckisporites sp. and Vittatina sp. are separated from typically 
Triassic forms such as Lundbladispora and Densoisporites by a barren interval, 
covering the Z4-Z7 part of the Zechstein and lowest part of the Lower Buntsandstein 
(Fijalkowska 1995; Heunisch 1999; Yaroshenko & Lozovsky 2004). The correlated 
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proxy for the PTB in the Buntsandstein is the base of the Falsisca verchojanica 
conchostracan zone, coincident with a negative carbon isotopic peak (Kozur & 
Bachmann 2005). It may be that the major sediment provenance change in the Z7 
cycle of the Zechstein (Hiete et al. 2005, 2006) is a proxy for the latest Permian 
extinction turnover (Fig. 4), in that the terrestrial extinction event may have radically 
affected sediment transport systems, through a decline in sediment trapping by 
vegetation loss (cf. Sephton et al. 2005).  
 
Magnetozone LT1n is also apparent in the multiple-section data from the Moscow 
Basin and the Urals region (Molostovsky 1983, 1996; Taylor et al. 2009; Fig. 4). In 
the Wordie Creek Fm in Greenland, tetrapods Tupilakosaurus, Wetlugasaurus and 
Luzocephalus co-occur with ammonoids that range in age from Griesbachian to early 
Dienerian (Lozovsky 1998; Lucas 1999). Hence, the occurrence of these tetrapods in 
the Russian sections (shown under Urals composite in Fig. 4; Molostovsky 1983), 
allows an approximate correlation to the marine substages. The lowest parts of the 
Russian Vetluga successions also appear to preserve the Permian–Triassic transitional 
palynoflora that occurs below the PTB at other locations (Krassilov et al. 1999; 
Yarashenko, 2005), which appears to particularly characterise the lower part of 
magnetozone LT1n (Hounslow et al. 2008a, Metcalfe et al. 2009). In addition, 
Russian sections at Blyumental/Kou-Su, Chesnokovka and Buzuluk-Grchevka (three 
of the six sections contributing to the Urals composite; Molostovsky 1983), Boyevaya 
Gora, Tuyembetka (Taylor et al. 2009) show the equivalent of LT1n.1r within the 
LT1n magnetozone (Fig. 4). 
 
Overlying magnetozone LT1n in marine sections is a mid Griesbachian to mid 
Smithian reverse-polarity dominated interval (LT1r to LT4r; Figs. 1, 2), which has 
clear parallels in the sections from Russian (Molostovsky 1983, 1996), the lower 
three-quarters of the Moenkopi Group in Colorado and the Chugwater Fm in 
Wyoming (Fig. 4). For many years the Russian composite magnetostratigraphy 
through this dominantly reverse polarity interval excluded several tentative short-
duration normal polarity intervals (Molostovsky 1983; Lozovsky & Molostovsky 
1993), detected in sections, such as the Sosnovyiy/Vetlyanovskiy and 
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Blyumental/Koya-Su gorges (Molostovsky 1983) and Sarysu (Khramov 1987), but 
these are now included (Molostovsky 1996). This uncertainty in part reflects the low 
palaeomagnetic sampling density used in some of these Russian sections and the 
common lack of proper demagnetisation. 
 
It is debateable where the LT1r–LT4r reverse polarity dominated interval begins in the 
German and Polish Buntsandstein sections. Szurlies (2007) has suggested that 
CG3r/Tbr1 is the equivalent of LT1r (and CG5n/Tbn3 = LT3n), a correlation that is 
strongly influenced by the debateable age assignments of the Buntsandstein 
conchostracan fauna outlined by Kozur (1999) and Kozur and Bachmann (2005); 
particularly the placement of the base of the Olenekian (Posenato 2009). The primary 
means of locating the Olenekian in the Buntsandstein is the stratigraphically ‘close’ 
occurrence of M. truempyi with the Olenekian ammonoid Flemingites flemingianus in 
Madagascar (Kozur and Bachmann 2005), suggesting that M. truempyi is indicative of 
the Olenekian. Stratigraphic ‘closeness’ is here not a strong case for dating in ill-
documented successions fluctuating from marine to non-marine conditions. However, 
support for the correlations of Szurlies (2007) comes from Galfetti et al. (2007a) who 
suggest a duration of ~1.4 my for the Induan, which is similar to the ~1.2 my duration, 
based on cyclostratigraphy, from the ‘FO of F. verchojanica to the base of 
magnetozone CG5n (correlated to the base of LT3n by Szurlies 2007).  
 
However, a number of problems remain with the correlations of Szurlies (2007). 
Firstly the cyclostratigraphy from the Calvörde Fm suggests that CG3r is 
exceptionally brief at some ~50 kyrs when other sections show a longer relative 
duration, and an interval occupied by some ~1.5 ammonoid zones (Figs. 1, 4). 
Secondly the dominance of normal polarity (i.e. interval CG3n/Tbn1 to CG4n/Tbn2) 
in the Calvörde Fm is more compatible with this interval being equivalent to LT1n 
(Fig. 4). Thirdly, others have determined different numbers of cycles in the units of 
the Buntsandstein (Geluk & Röhling, 1999), which may reflect the non-basin centre 
focus of some of the sections of Szurlies (2007). For these reasons an alternative, 
more likely correlation, is suggested in Figure 4.  
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The upper boundary of the reverse-polarity dominated interval from LT1r to LT4r 
probably represents the top of GC7r/Tbr5 in the Buntsandstein and an equivalent level 
in other sections (Fig. 4). Alternatively, Szurlies (2007) has correlated LT5n with 
GC7n which seems less likely, considering that normal polarity dominates from LT5n 
in Boreal sections (e.g. Fig. 2), and LT4n is mostly likely correlated to the Tbn4-Tbn5 
interval in the Polish Middle Buntsandstein, which Szurlies (2007) has correlated to 
CG7n. Unfortunately, there appears to be no useful palynology from the Lower 
Buntsandstein, Volpriehausen Fm or Detfurth Fm to confirm or deny these two sets of 
proposed correlations (C. Heunisch pers comm. 2008; Fig. 4). 
 
The normal-polarity dominated interval from LT5n to LT9n has clear parallels in the 
normal polarity dominated upper parts of the Middle Buntsandstein (Fig. 4). However, 
a confident match in the relative thicknesses of the three reverse magnetozones 
between the GPTS and the central German Buntsandstein composite is not visually 
convincing. The thickest reverse magnetozone in the marine composite is LT7r from 
the Boreal sections (Figs. 3, 4), which either represents magnetozone GC8r or GC 9r. 
Similarly magnetozone LT7r appears equivalent to the reverse magnetozone spanning 
most of the “middle red” and Virgin Fm in the N. Arizona composite. Ammonoids 
Anasibrites kingianus and Wasatchites sp. from the Sinbad Fm of the Moenkopi Grp 
in Utah, indicates the upper Smithian (Lucas et al. 2007b). However, the 
magnetostratigraphy for the Sinbad Fm in the Virgin River-Gray Mountain composite 
(Fig. 4) is derived from a thinner succession of the Sinbad Fm at Lees Ferry, further 
south in Arizona (Steiner et al. 1993), so it is not clear that the ammonoids and 
magnetostratigraphy represent exactly the same levels. The ammonoid Tirolites 
spinosus collected from low in the Virgin Fm near the Utah-Arizona border (Bissell 
1973) is good evidence of the Spathian.  
 
Like the Moenkopi Group in N. Arizona, sections from the Urals appear to display a 
particularly thick representation of LT7r. In the Russian sections, the correlation is 
supported by the co-occurrence of the tetrapod Parotosuchus with the Spathian 
ammonoid Tirolites cassianus, within the Bogdinskaya Member at Bolshoye Bogdo 
Mountain, in the Cis-Caspian depression (Molostovsky 1983, 1996; Molostovsky et 
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al. 1998). Evidently, the Spathian displays particularly dramatic interregional changes 
in sedimentation rates which are probably the reason for such large variations in the 
relative thickness of these reverse magnetozones. 
 
Szurlies (2007) has outlined the reasoning for correlating the German Buntsandstein 
magnetozone GC10r to the equivalent of LT9r in the Kçira section. The Anisian 
ammonoids Beneckeia tenuis, B. buchi, and Balatonites ottonis and the conodont 
Nicoraella kockeli occur in the Upper Buntsandstein and provide reliable 
biostratigraphic ties to the marine Middle Triassic (Fig. 4). This is supported by the 
presence of Stellapollenites thiergartii in a miospore assemblage from the Upper 
Buntsandstein (Visscher et al. 1993; Heunisch 1999). In addition, the FO of Illinites 
chitonoides, within the upper part of the Hardegsen Fm, has an equivalent FO in the 
Svalis-4 palynostratigraphic assemblage zone of Vigran et al. (1998). In the 
Vikinghøgda section, this FO is within the lower part of LT9n (Mørk et al. 1999; 
Hounslow et al. 2008a; Figs. 3, 4).  
Anisian–Ladinian and Ladinian–Carnian boundaries 
The magnetostratigraphy and biostratigraphy of Anisian–Ladinian boundary 
successions from the Tethyan marine realm have received considerable attention in the 
recent years (Fig. 5). The first attempts at magnetostratigraphy were carried out in the 
latest Anisian Prezzo Limestone and Buchenstein Beds in the Southern Italian Alps, 
which are largely overprinted by excessive heating, caused by the Late Eocene–Early 
Oligocene Adamello batholith (Muttoni & Kent 1994). Hints of primary magnetic 
components that survived this overprinting were tentatively isolated and assigned to a 
latest Anisian interval of normal polarity with a duration of perhaps 1 m.y. and 
spanning the Trinodosus Zone and most of the overlying Lardaroceras-bearing beds 
(Muttoni & Kent 1994 and references therein). Subsequent analyses of coeval sections 
from the Southern Alps (Muttoni, unpublished data) revealed, however, that these 
magnetic components may in fact be pre-folding remagnetizations of ~late Cretaceous 
age. Attention was therefore paid to the island of Hydra (Greece) where Angiolini et 
al. (1992), identified the Anisian–Ladinian boundary in the 24 m thick Aghia Triada 
section, from the nodular, reddish Han-Bulog Limestone. The first results (Muttoni et 
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al. 1994) yielded a consistent magnetostratigraphic pattern relating to a late Anisian–
Ladinian conodont biostratigraphy, in which the FO of Gondolella trammeri was used 
as a proxy of the Anisian–Ladinian boundary (Fig. 5), results which were refined by 
Muttoni et al. (1997). Confirmation of the Aghia Triada results were sought in the 
coeval 60 m thick Vlichos section on Hydra (Muttoni et al. 1997), but there tectonic 
complexities disrupted the original stratigraphic continuity, confirmed later by field 
inspection (GM), and the Vlichos data is therefore excluded from this compilation.  
 
In the late 1990s, attention moved back to the Alps, and specifically to the Dolomites 
in Italy and the Northern Calcareous Alps in Austria. Magnetostratigraphic 
investigations on biostratigraphically-dated limestones and radiometrically-dated tuffs 
in the Buchenstein Beds from the Dolomites, started with the Anisian–Ladinian 
boundary interval in the Frötschbach section (Muttoni et al. 1996, 1997), and were 
followed by parallel studies on the nearby coeval Pedraces and Belvedere sections 
(Brack & Muttoni 2000). A satisfactory magnetostratigraphic correlation was obtained 
on laterally traceable limestone and volcaniclastic intervals, showing the high degree 
of reproducibility of the magnetic polarity fingerprint through the Anisian–Ladinian 
boundary interval, throughout much of the Buchenstein Basin of the Dolomites (Fig. 
5). In the Northern Calcareous Alps, Austria, Gallet et al. (1998) produced a 
magnetostratigraphy from four coeval sections (Mendlingbach 1 and  2, and 
Gamsstein East and West), which again showed a consistent polarity pattern across 
the Anisian–Ladinian boundary interval constrained by conodont biostratigraphy (Fig. 
5).  
 
A breakthrough study was carried out on the ~110 m-long Seceda core, drilled by the 
Geological Survey of Bolzano in 1998 at Mount Seceda in the northwestern 
Dolomites (Brack et al. 2000). With over 90% recovery, this core offered a unique 
opportunity to reconstruct, in stratigraphic continuity, a portion of the Middle Triassic 
pattern of polarity reversals (Muttoni et al. 2004). The Seceda core spans a complete 
succession of Buchenstein Beds with limestone and associated "Pietra Verde" 
volcaniclastic layers, which were correlated to the nearby Seceda outcrop section with 
associated radiometric and biostratigraphic age data. Two ash layers located in the 
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"Lower Pietra Verde" and "Upper Pietra Verde" intervals in the Seceda outcrop 
section yielded U-Pb ages of 241.2 (+0.8 –0.6) Ma (SEC.22) and 238.0 (+0.4 – 0.7) 
Ma (SEC.21), respectively (Fig. 5; Mundil et al. 1996, Brack et al. 1996; updated by 
Brack et al. 2007), indicating an average sediment accumulation rate of ~10 m/m.y. 
More recently, Brack et al. (2007) obtained a new radiometric age estimate (BIV-1) 
from the Upper Anisian Bivera Fm at Monte Bivera (Trinodosus Zone) based on 12 
individual zircon ages ranging from 243.3 Ma to 241.6 Ma. Because of Pb loss and 
the mild leaching step, Brack et al. (2007) interpreted the age of 243.3 Ma to be the 
minimum age for sample BIV-1, which should fall just below the base of the Seceda 
magnetostratigraphic sequence within the Trinodosus Zone (Fig. 5). 
 
Magnetostratigraphic data from Seceda were correlated with data from the coeval 
Frötschbach, Pedraces, and Belvedere sections, as well as Margon-Val Gola from 
Trentino (Gialanella et al. 2001; reinterpreted by Brack et al. 2001), and a satisfactory 
correlation was obtained (Fig. 5). The magnetozone interval SC2n—SC3n at Seceda 
corresponds with F1n—F2n at Frötschbach, P1n—P3n at Pedraces, SL1r—SL2n at 
Belvedere and M1n—M2n at Margon-Val Gola, and with similar patterns at Aghia 
Triada, Mendlingbach West, and Gamsstein 1. The magnetostratigraphic data from the 
Felsöörs section, Hungary (Márton et al. 1997; Vörös et al. 2003) shows normal 
polarity through the F1n magnetozone ranging through the Reitzi Zone, whereas at 
Seceda in the same ammonoid zone is found reverse in magnetozone Sc1r (correlated 
to Seceda following Brack et al. 2005; Fig. 5). However, the Felsöörs section contains 
major sampling gaps due to thick tuff layers that mostly did not yield samples. Also in 
the sampled layers some palaeomagnetic data yielded dubious directions, with in two 
cases normal and reverse polarity reported from the same level  (limestone bed 99B 
and tuff layer between limestone beds 101 and 102; Fig. 5; Márton et al. 1997). These 
dual-polarity problems presumably indicate the existence at Felsöörs of unresolved 
normal polarity overprints; therefore, we maintain SC2r as the main late Anisian 
reverse polarity zone corresponding to MT6r in the GPTS (Fig. 5). Support for this 
stance come from the non-marine studies in the Anisian, which suggest additional 
detail in MT6r, which is not seen in any marine section over this interval (see later; 
Fig. 6).  
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The magnetostratigraphic correlations between Seceda, Frötschbach, Pedraces, 
Belvedere, Margon-Val Gola, Aghia Triada, Mendlingbach West, and Gamsstein 1 
allow the generation of a reference magnetostratigraphy, the U-Pb dates from Seceda 
and Monte Bivera and the ancestor—descendant faunal associations of 
paragondolellids, neogondolellids (conodonts) and ammonoids, present in different 
degrees of preservation, in all correlated sections from the Dolomites. This augments 
the numerical and biostratigraphic definition of the Anisian—Ladinian GSSP, at the 
FO of Eoprotrachyceras curionii (base of the E. curionii Zone), 5 m above the base of 
the Buchenstein Beds in the Bagolino section of northern Italy (Brack et al. 2005). 
This level can been traced to metre level 83.7 in the Seceda core corresponding to 
metre level 14.7 in the Seceda outcrop section, very close to the base of reversal 
SC2r.2r and ~5 m above the level with a U-Pb age of 241.2 (+0.8 –0.6) Ma (Muttoni 
et al. 2004a; Brack et al., 2005 Fig. 5).  
 
The magnetostratigraphy of the Ladinian–Carnian boundary interval has not been as 
extensively studied as the Anisian–Ladinian boundary. Gallet et al. (1998) presented 
the magneto-biostratigraphy of the Mayerling pelagic limestone section from the 
Northern Calcareous Alps, which contains a rich conodont fauna encompassing the 
uppermost Anisian to Lower Carnian. The >60 m-thick Mayerling section, with 14 
well-defined magnetozones polarity intervals spanning a succession of age-diagnostic 
conodont events, is currently the most continuous marine section studied through the 
Ladinian–Carnian boundary interval (Fig. 5). The 160 m-thick Stuores section in the 
Dolomites, with higher sediment accumulation rates, covers a shorter time interval 
compared to Mayerling and has been extensively studied for biostratigraphy and 
magnetostratigraphy (Broglio Loriga et al. 1999). Stuores is the ratified GSSP for the 
base of the Carnian, with the FO of the ammonoid Daxatina canadensis as the basal 
Carnian marker (Mietto et al. 2007), with a succession of polarity reversals that can 
confidently be correlated to Mayerling (Broglio Loriga et al. 1999). 
 
The only other section studied for magnetostratigraphy across the Ladinian-Carnian 
boundary is from Spitsbergen (arctic Norway), in which a large part of the late 
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Ladinian is missing near the boundary (Hounslow et al. 2007a). The boundary interval 
is dated by sporadic occurrences of conodonts and ammonoids. The 
magnetostratigraphy confirms that the correlated base of the Carnian occurs within the 
stratigraphic gap, below the traditional Boreal Carnian (at the base of the Stolleyites 
tenuis ammonoid biozone).  
Age calibration of the Middle Triassic GPTS 
According to Hinnov & Goldhammer (1991) and  Preto et al. (2001) the Latemar 
carbonate platform in the Dolomites, which has a platform interior characterized by a 
~470 m-thick lagoonal succession consisting of ~600 shallowing-upward cycles, can 
be attributed to a 9–12 m.y. record of precessional forcing of sea level change. 
However, U-Pb dating of zircons from volcaniclastic layers within the Latemar 
succession (from top to bottom: LAT-32, 241.7 +1.5/-0.7, Mundil et al., 2003; LAT-
30: 241.2 +0.7/-0.6, Mundil et al. 2003, re-dated to 242.8±0.2 Ma, Brack et al., 2007; 
LAT-31: 242.6 ±0.7 Ma, Mundil et al. 2003), and the correlative basinal Buchenstein 
Beds (SEC.22, SEC.21; see above) suggests that the Latemar cycles only span at most 
a few million years (Brack et al. 1996; Mundil et al. 1996; 2003). Similarly, Kent et 
al. (2004) showed that most of the Latemar succession is of normal magnetic polarity, 
which together with biostratigraphic and lithostratigraphic correlations between beds 
in the adjacent Buchenstein Basin, suggested that the bulk of the Latemar platform 
deposition was coeval with magnetozone SC2n at Seceda (MT7n in GPTS; Fig. 5). 
Kent and coworkers therefore concluded that magnetozone SC2n (at Seceda) and the 
time-equivalent Latemar deposition in fact, had a duration an order of magnitude less 
(~1 m.y.). Therefore straightforward interpretation of the U-Pb age model for 
Buchenstein deposition, and the magnetostratigraphy through the Secedensis Zone are 
internally consistent, and opposed to the cyclostratigraphic analyses of the Latemar 
succession by Hinnov & Goldhammer (1991) and Preto et al. (2001). We therefore 
like Kent et al. (2006) abandon the long duration hypothesis for the Latemar 
succession based on cycle counting, accepting U–Pb zircon dates as the main 
constraints on the duration of the Middle Triassic.  
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Like the problematic magnetostratigraphy from the Felsöörs section, the multigrain U-
Pb-zircon ages of Pálfy et al. (2003), are distinctly too-young compared to the 
radiometric age data from the Dolomites. As reported by Brack et al. (2005), these 
ages overlap within error, SEC22 from Seceda.  The younger mean values of the 
seemingly stratigraphically older layers at Felsöörs, may be due to the (unresolved) 
contribution from grains affected by lead loss. 
 
Robust age constraints on the composite Middle Triassic GPTS are based on the U-Pb 
age data of BIV-1 (minimum age of 243.3 Ma) from the Trinodosus Zone at Monte 
Bivera, and SEC.22 (241.2 +0.8 –0.6 Ma) and SEC.21 238.0 +0.4 – 0.7 Ma) from the 
Buchenstein Beds as discussed above, with the 241.2 Ma age closely associated with 
the Anisian–Ladinian boundary at the base of the Curionii Zone (Brack et al. 2005). A 
Ladinian–Carnian boundary at ~235 Ma (Brack et al., 2005) to ~236 Ma (Fig. 5) is 
derived from U-Pb data and field observation from the upper Ladinian granites at 
Predazzo in the Southern Alps. This intrusion, dated at 237.3 (+0.4/-1.0) Ma (sample 
PRE-26, Fig. 5; Brack et al. 1996), post-dates the Ladinian Buchenstein Beds in 
which the youngest U-Pb age is 238.0 (+0.4/-0.7) (Mundil et al. 1996), and pre-dates 
sediments of the Wengen Volcano-sedimentary Group (S. Cassiano Formation), 
which toward it’s top, contains the Ladinian–Carnian boundary at Stuores (Broglio 
Loriga et al. 1999). Therefore, the Ladinian–Carnian boundary should be just a few 
m.y. younger than ~237 Ma (i.e., ~235–236 Ma; Fig. 5). With a Ladinian–Carnian 
boundary at ~235.5 Ma and an Anisian–Ladinian boundary at ~241 Ma, the Ladinian 
Stage is ~5.5 m.y. duration. The composite sequence of magnetic polarity reversals 
outlined here encompasses 34 magnetozones spanning the late Anisian–early Carnian 
that are arranged in a sequence of magnetochrons from MT6 to UT3 (Fig. 5). 
 
Magnetostratigraphy of the non-marine Middle 
Triassic 
As with the Lower Triassic, a substantial number of studies of the Anisian have been 
made in non-marine successions (Fig. 6). The generally distinctive character of the 
Anisian, with a lower part dominated by normal polarity followed by dominantly 
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reverse polarity in the mid Anisian, generally allows for a confident correlation with 
the Middle Triassic GPTS (Fig. 6); correlations which largely follow those used by the 
original authors. Magnetochrons MT1 and MT2 are probably present in the Riera de 
Sant Jaume section (Catalan Basin), and the Middle–Upper Buntsandstein boundary 
interval (uppermost Solling Fm to lowermost Röt Fm) from the Germanic Basin (Fig. 
6; Dinarés-Turell et al. 2005; Szurlies 2007). One of the features at this level, which 
supports the central German Basin magnetostratigraphic correlation in Figure 6, is the 
appearance of Triadispora sp., which in the Milne Edwardsfjellet section is 
consistently present from magnetochron MT2 (Hounslow et al. 2008b), the 
approximate correlative level at which this pollen becomes common to abundant in 
the German Upper Buntsandstein. Magnetochron MT2 also appears to have been 
detected by Huang & Opdyke (2000) in the Badong Fm in South China (Fig. 6). 
Correlations to the GPTS from the Upper Silesia (Poland) and the central Germany 
composites, over the magnetochron interval MT3 and MT4, are constrained by a 
variety of ammonoid, conodont, and basin-wide borehole geophysical log data (Kozur 
1999; Szurlies 2007).  
 
Studies in the Catalan and Iberian basins can be correlated to the Triassic GPTS, and 
are largely constrained by a fragmentary palynostratigraphy at the formation level, a 
regional lithostratigraphy, and overlying marine sediments (Muschelkalk facies) that 
have generally better age control in the Ladinian (Arche et al. 2004; Dinarés-Turell et 
al. 2005). Those for the Otter Sandstone Fm in the Budleigh Salterton to Sidmouth 
section (UK) are age constrained by tetrapods, including Kapes and Eocyclotosaurus, 
which indicate the Anisian Perovkan land vertebrate fauna chron (Benton 1997; 
Hounslow & McIntosh 2003). There are indications from the sections at Molina de 
Aragon and Budleigh Salterton- Sidmouth that the magnetostratigraphic pattern may 
contain additional short normal magnetozones over the MT4r to MT6r interval, that 
have not been well characterised in the marine sections shown in Figure 5. The 
character of the polarity pattern during magnetochron MT6r may therefore be better 
represented by data from these non-marine sections. 
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Carnian– Norian Boundary 
Candidate sections for defining the base Norian GSSP are Black Bear Ridge 
(Williston Lake, British Columbia, Canada; e.g., Orchard et al. 2001, 2007) and Pizzo 
Mondello (Sicily, Italy; Muttoni et al. 2004b; Nicora et al. 2007). Proposed guide 
forms for the base of the Norian are favoured as the FO of Metapolygnathus echinatus 
at Black Bear Ridge (Orchard 2007) or the FO of M. echinatus and Metapolygnathus 
parvus at Pizzo Mondello (Nicora et al. 2007). 
 
Integrated magnetostratigraphic and biostratigraphic studies across the Carnian–
Norian boundary in the marine realm started in the early 90’s with the pioneering 
work of Gallet et al. (1992) on the 73 m thick, upper Carnian– upper Norian 
Bolücektasi Tepe section in Turkey. The basal bedded limestone member, 10 m thick 
in this section, yielded a sequence of polarity reversals covering the stratigraphic range 
of Metapolygnathus communisti which was used by these authors as a proxy for the 
base Norian (Fig. 7). Nearly ten years lapsed until the broadly coeval, ~55 m-thick, 
Kavaalani section, in Turkey, was published (Gallet et al. 2000a). In its basal 10 m, 
this section extends through Carnian–Norian boundary interval and has age diagnostic 
conodonts that can be correlated to the Bolücektasi Tepe section (Fig. 7). A 
magnetostratigraphic investigation of Middle and Upper Triassic fossiliferous 
limestones cropping out around Williston Lake in British Columbia (Canada), 
particularly at Black Bear Ridge, was attempted but were found to be remagnetized, 
during the early stages of Laramide folding in the Cretaceous (Muttoni et al. 2001a). 
The first magnetostratigraphic and biostratigraphic study of an expanded (~150 m-
thick) Carnian–Norian boundary section at Pizzo Mondello in Sicily was published by 
Muttoni et al. (2001b). Muttoni et al. (2004b) refined these initial findings, focusing 
primarily on the distribution of Metapolygnathus communisti and additional key 
species for the definition of the boundary (Fig. 7), and extended the analysis upwards 
through an additional ~280 m of strata previously attributed to the late Norian by 
Gullo (1996). In a recent re-analysis of the Pizzo Mondello section (after Muttoni et 
al. 2004b), Nicora et al. (2007) established the FOs of Metapolygnathus echinatus and 
M. parvus in sample NA36, 8 m above Gonionotites maurolicoi and 7 m below a 
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Norian radiolarian assemblage, with the conodont marker considered as suitable to 
define the base of the Norian Stage.  
The Silická Brezová section, Slovakia is a composite compiled from seven separate 
but partially overlapping sections correlated by means of lithostratigraphic marker 
beds, biostratigraphy and magnetostratigraphy, and straddling ~120 m of upper 
Carnian–upper Norian strata (Channell et al. 2003). Magnetostratigraphic and 
biostratigraphic data through the Carnian–Norian boundary were obtained from the 
Lower Trench, and Massiger Hellkalk Quarry sections (base Norian boundary used by 
these authors at FO of Norigondolella navicula; Fig. 7). Similarly, a 
magnetostratigraphy and conodont biostratigraphy through the Carnian–Norian 
boundary interval was obtained from the 70 m-thick limestone section at Guri Zi in 
northern Albania (Muttoni et al. 2005), with the boundary placed between the LO of 
Metapolygnathu  nodosus (=Epigondolella nodosa) and the FO of Epigondolella 
abneptis. 
 
All these sections through Carnian–Norian boundary interval contain a similar 
assemblage of conodonts within a framework of broadly correlative magnetozones 
(Fig. 7), although Guri Zi is affected by variations in sediment accumulation rates 
associated with turbiditic deposition of calcarenites (Muttoni et al. 2005). These bio- 
magnetostratigraphies define a sequence of 16 magnetozones (organized in 
magnetochrons UT9 to UT14) of late Carnian (Tuvalian) to early Norian (Lacian) age, 
with the Carnian–Norian boundary provisionally placed at the FOs of 
Metapolygnathus echinatus and M. parvus at Pizzo Mondello (Nicora et al. 2007)  
(Fig. 7).  
 
A U-Pb zircon date of 230.91±0.33 Ma from late Carnian limestones in southern Italy 
(Furin et al. 2006; Fig. 7), are tentatively correlated with the lower part of the Silická 
Brezová and Pizzo Mondello sections using a constraining conodont biostratigraphy 
(Fig. 7).  A consensus (detailed below) has been reached for correlating the conodont-
based Carnian–Norian boundary interval into the Newark Supergroup 
astrochronological polarity time scale (APTS) (Kent et al. 1995; Kent & Olsen, 1999; 
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Olsen & Kent, 1999) suggesting that the Carnian-Norian boundary falls within the 
interval ~227–228 Ma (Muttoni et al., 2004b). 
The Carnian GPTS 
The Carnian GPTS is in part built by extending those sections which cover the 
Ladinian–Carnian and Carnian–Norian boundary intervals, and using additional 
sections which are less well-dated (Fig. 8). The upwards extension from the Ladinian-
Carnian boundary is largely achieved using the Bolücektasi Tepe section (Gallet et al. 
1992; Gallet et al. 2002a), which appears to correlate approximately to the 
palynologically-dated lower Carnian section from the De Geerdalen Fm in Spitsbergen 
(Hounslow et al. 2007a). These Spitsbergen sections may extend upwards into the 
middle or upper Carnian in the overlying Isfjorden Member (Fig. 8), but the 
palynological data is not sufficiently clear to confidently distinguish Carnian from 
Norian (Hounslow et al. 2007a). 
 
Likewise the polarity pattern from the Carnian-Norian boundary can be extended 
down into UT9 (i.e. equivalent to SB1n) using the Lower Trench section at Silická 
Brezová (Fig. 8). The non-marine sections from the Stockton Fm (Newark 
Supergroup, Kent et al. 1995), and the Upper Lunde Fm E/F divisions at Snorre 
(Bayer & Lundschien 1998) can be confidently matched to those marine sections from 
the boundary interval (Muttoni et al. 2004b). The Snorre composite through the Upper 
Lunde Fm E and F divisions is placed in the upper Carnian, since the FO of 
Kraeuselisporites reissingeri (associated with Ovalipollis pseudoalatus in the Snorre 
assemblages; Eide 1989) is in the Tuvalian (Roghi 2004). In the Snorre area the K. 
reissingeri assemblage overlie more diverse assemblages in the lowest part of the 
Upper Lunde and Middle Lunde (Eide 1989; Nystuen et al. 1989) containing 
Enzonalasporites vigens, Granuloperculatipollis rudis, Triadispora obscura and O. 
pseudoalatus, amongst others. Comparison to ammonoid-dated sections from the Alps 
(Roghi 2004) suggests these assemblages are approximately Tuvalian in age, 
supporting the suggested magnetostratigraphic correlation. 
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The magnetostratigraphic match of the Stockton Fm to the marine sections suggests 
that magnetochrons E2 to E5 probably extend into the Dilleri Zone (Tuvalian-1; Fig. 
8). These correlations are weakly supported by the polarity pattern from the 
Spitsbergen Isfjorden Mb, in which magnetozone interval DL4 to DL5 appears to 
approximately match the Stockton Fm E3 to E5 magnetozones (Fig. 8). Supporting 
data to confirm these correlations (or any other) in the middle Carnian are absent, and 
for this reason, the magnetochron UT5 to UT9 interval is displayed as half grey to 
reflect this.  
The Norian GPTS 
The correlation of marine sections to the Newark APTS suggests that the Norian is the 
longest stage in the Triassic and as such merits special attention in terms of its 
magnetic polarity pattern. Key marine sections for the construction of a Norian GPTS 
are Bolücektasi Tepe, Kavaalani and Kavur Tepe from Turkey (Gallet et al. 1992, 
1993, 2000a), Scheiblkogel, Austria (Gallet et al. 1996), Silická Brezová, Slovakia 
(Channell et al. 2003), and Pizzo Mondello, Sicily (Muttoni et al. 2004b). The GPTS 
and biostratigraphically-constrained polarity succession through the Norian has been 
much debated, and different solutions proposed by Krystyn et al. (2002); Channell et 
al. (2003), Hounslow et al. (2004), Muttoni et al. (2004b) and Gallet et al. (2007). 
 
Bolücektasi Tepe, Kavur Tepe, Scheiblkogel, and Kavaalani were correlated by 
Krystyn et al. (2002) by fitting magnetic polarity zones into a correlation scheme 
based on conodont zonations. These conodont zonations (shown in Fig. 9) are related 
to age, largely through co-linked studies of ammonoids and conodonts in Timor 
(Indonesia) and some other Tethyan locations (Krystyn et al. 2002). This biozone 
framework was used to construct a composite sequence of magnetic polarity reversals, 
scaled to equal conodont biozone duration, tied to the numerical calibrations of the 
Upper Triassic stages of Gradstein et al. (1994). Subsequently, Gallet et al. (2003) 
used the same composite succession with updated (and more appropriate) numerical 
constraints, to construct a tentative uppermost Carnian–Norian biozone-scaled GPTS.  
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Muttoni et al. (2004b) attempted to construct the uppermost Carnian–Norian magnetic 
polarity reversal pattern by adopting the 430 m-thick Pizzo Mondello section as a 
reference section that was correlated to the ~140 m composite stratigraphy of the 
Silická Brezová section. The Muttoni et al. (2004b) solution resulted in a somewhat 
lower number of Norian normal and reverse polarity zones (20) compared to Krystyn 
et al. (2002) (25), or the even higher number (31) that arises if the new Sevatian to 
Rhaetian data of Gallet et al. (2007) are taken into account. This discrepancy arose 
from the different procedures adopted for correlation, and the differing recognition of 
missing time in the sections. For example, Muttoni et al. (2004b) attempted to 
establish statistical correlations by using magnetostratigraphic fingerprints in a one-to-
one magnetozone matching approach, assuming as a first order approximation, that 
stratigraphic thickness is a linear function of time. Priority was given to expanded and 
lithologically homogeneous sections such as Pizzo Mondello that tend to minimize the 
problematic occurrence of stratigraphic or fault gaps (although high accumulation rate 
is no guarantee of completeness). However, these sections, with high accumulation 
rates, tend to be less fossil-rich than condensed sections with lower accumulation rates 
and so biostratigraphic completeness cannot be demonstrated. Fossil-rich sections 
were preferred by Krystyn et al. (2002) using first-order correlation by matching key 
conodont ranges from individual sections, allowing a multiple-section composite to be 
constructed. However, these fossiliferous sections are frequently condensed with 
stratigraphic gaps (indicated by hardgrounds), and faults, which need to be included in 
the correlation modelling. For example, the middle Norian (Alaunian) part of the 
composite bio-magnetobiostratigraphic sequence of Krystyn et al. (2002) has been 
constructed by piecing together magnetozones from individual sections segmented by 
hiatus and fault gaps.  
 
The GPTS equal-duration biozone concept (Krystyn et al. 2002; Gallet et al. 2003) 
has restricted value for marine to non-marine correlations, which has in part lead to 
the continuing debate about the Norian. Instead of utilising the equal-duration biozone 
concept, we use an approach which consists of constructing a composite bio- 
magnetostratigraphy (Fig. 9), scaled to section thickness, using the following 
principles: 
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• Data from the thickest sections is used to scale the composite, since such 
sections are likely to provide the best magnetostratigraphic detail.  
• A magnetostratigraphic correlation grid is constructed, based on the correlation 
between section magnetozones, guided by the biostratigraphic framework.  
• The correlation grid constrains the amount of vertical stretching which can be 
applied to the section data, and provides limits on the relative thickness of the 
magnetozones in the composite, by minimising the amount of missing section 
at stratigraphic or fault gaps. 
• Section repetition across faults is only detectable by the conodont biozone 
framework (some details in Krystyn et al. 2002), which for most of these 
Norian sections, has only been published in summary form. 
 
If sedimentation rates were constant in each section, but differed between sections, 
vertical stretching of scales would produce a perfect horizontal correlation grid, but 
since sedimentation rates tend to vary within sections, the correlation grid lines can be 
inclined (e.g. see magnetozone UT17r in Fig. 9). In addition, a limited number of 
anchor correlation lines exist, which constrain the amount of vertical stretch (shown as 
@ in Fig. 9). This process is similar to that used in constructing spliced-core 
composite sections, typically used on IODP cores (Pälike et al. 2005), which are based 
on the principles of graphic correlation (Shaw 1964).  
 
The least constrained part of this procedure centres on the disconformities and faulted-
boundaries which fragment the section magnetostratigraphy (Fig. 9). The most 
parsimonious solution is one that minimises the likely missing intervals (Shaw 1964; 
Edwards 1989). The best constrained parts of the GPTS composite are in the lower 
Norian, where sections, without apparent breaks, provide good inter-section relative 
thickness constraints (Fig. 9). The Norian–Rhaetian boundary interval is also well 
constrained, although some problems remain (see Fig. 10 and later). The Pizzo 
Mondello section is particularly important for scaling the entire Norian composite. 
The least constrained part of the GPTS is in the middle Norian (Alaunian), where the 
composite magnetozones UT18 and UT19 are not well constrained in relative 
thickness. For example, UT19n is only constrained in the incomplete data at Pizzo 
Mondello, and UT19r is only constrained in the lower part of the fragmented 
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Scheiblkogel section (Fig. 9). Similarly, the Alaunian-1 part of the Bolücektasi Tepe 
section may represent a younger sub-magnetozone in UT18r, rather than being 
equivalent to UT18n. Like-wise, the relative thickness of UT20n depends much on the 
amount missing and unsampled at Pizzo Mondello. The solution presented is similar 
to the ‘equal biozone’ GPTS of Gallet et al. (2007) but scaled to section thickness. 
This difference is particularly noticeable for the Lacian-3 interval whose only 
thickness constraint is ~2 m of strata at the Kavur Tepe section (Fig. 9).  
 
The Norian–Rhaetian Boundary 
The GSSP section for the base of the Rhaetian is likely to be in Austria in the 
Steinbergkogel section A, at the FO of Misikella posthernsteini (Krystyn et al. 2007a). 
The conodont biostratigraphy, palynology and magnetostratigraphy of this and nearby 
sections have been studied in detail (Krystyn et al. 2007a). Ancillary sections useful to 
define the magneto-biostratigraphy of the Norian–Rhetian interval are Scheiblkogel 
(Austria), Pizzo Mondello (Italy), Brumano (Italy), Silická Brezová (Slovakia),  
Bolücektasi Tepe (Turkey), Kavaalani (Turkey), Kavur Tepe (Turkey), and Oyuklu 
(Turkey) (Fig. 10). Overall, there is relatively good agreement between the various 
magnetostratigraphies and biostratigraphies from the sections covering the late 
Norian, whereas the Norian–Rhaetian boundary is represented by sections with 
relatively limited stratigraphic overlap (e.g. Steinbergkogel STKB+C, Oyuklu, and 
Brumano) such that mutual correlations across this time interval should be considered 
with caution  (Fig. 10).  
 
An important constraint in these correlations near the Norian–Rhaetian boundary is 
the FO of Misikella hernsteini (i.e. base of Sevatian 2) in normal magnetozone UT22n 
in most sections. At Pizzo Modello, this is in PM11n, whereas at Steinbergkogel this 
event appears to be slightly higher (Fig. 10). A second constraint is the relatively thick 
reverse magnetozone in the uppermost Alaunian (i.e. in Epigondolella n. sp D Zone, 
Alaunian 3) at Kavur Tepe (E-), Kavaalani (K18), and Pizzo Mondello (PM9r) which 
confidently define the magnetozone UT20r in the GPTS (Figs. 9 & 10). The solution 
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for the Silická Brezová to Pizzo Mondello correlation (Fig. 10) is that used by Gallet 
et al. (2007) and Muttoni et al. (2004b).  
 
Channell et al. (2003) originally suggested correlating magnetozones SB9n at Silická 
Brezová with 3n at Scheiblkogel, B7n at Bolüceltasi Tepe, KV15 at Kavaalani, and 
D+ at Kavur Tepe (Fig. 10). These correlations seem less likely, since it would 
require; a) substantial within-section changes in the sedimentation rate at the Silická 
Brezová section, b) absence of reverse magnetozones within SB10n in the Silická 
Brezová upper trench section (which was densely sampled), c) and because it violates 
the biostratigraphic age constraints at Bolücektasi Tepe. Signs of condensation are 
however seen in the lower part of the Silická Brezová upper trench section, where it is 
most reddened and clasts (possibly reworked) occur in the lowest 5 m (Channell et al. 
2003).  
 
An alternative correlation solution for Scheiblkogel is to correlate magnetozones 4n 
with PM11n at Pizzo Mondello, and the underlying 3r with PM10r, since there is no 
direct evidence of the Alaunian 3 zone at Scheiblkogel (Fig. 10; Gallet et al. 1996). 
However, the correlation in Fig. 10 is compatible with the data from Kavur Tepe in 
which Epigondolella (=Mockina) bidentata ranges into the E- magnetozone, 
suggesting that the base of the Sevatian 1 zone (E. bidentata biozone) extends into the 
top of UT20r (Figs. 9, 10). 
 
The Oyuklu section is complicated by a thrust near the base of the section, which 
repeats the overlying B- magnetozone within the occurrence range of E. bidentata and 
M. hernsteini. Gallet et al. (2007) correlated magnetozone PM12n at Pizzo Mondello 
with magnetozone E+ in the Oyuklu section (Fig. 10), but a more likely correlation is 
with A+ at Oyuklu (Fig. 10). This solution is more compatible with the FO of M. 
posthernsteini that occurs within the B- magnetozone at Oyuklu and within the 
Portella Gebbia Fm (above the Cherty Limestone and magnetostratigraphy) at Pizzo 
Mondello (Gullo 1996; Fig. 10). The solution of Gallet et al. (2007) would have 
placed the correlated FO of M. posthernsteini within PM11r at Pizzo Mondello, which 
is incompatible with the biostratigraphy. 
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Magnetozone UT25n in the composite GPTS is poorly represented in the section data 
(Fig. 10), its base appears to be represented in the Steinbergkogel and Oyuklu sections 
(i.e. E+ at Oyuklu), and the upper part at Brumano (BT1 to BT2n) and Oyuklu (G-). 
The mid parts of UT25n appear to be represented at Brumano and Oyuklu, but the 
most continuous record in the Oyuklu section is disrupted by a thrust which forms the 
upper boundary to the apparent reverse sub-magnetozone (equivalent to BT1r? in the 
Brumano section) within UT25n. A section with a more complete 
magnetostratigraphy over this interval would improve the polarity pattern within 
magnetochron UT25n. 
Norian–Rhaetian non-marine studies and correlations 
to Tethyan sections  
The most important non-marine magnetozone succession through the Norian is from 
the Newark Supergroup (Kent et al. 1995; Fig. 11). The magnetostratigraphy through 
the Lockatong Fm of the Newark Supergroup is confirmed by studies from the Dan 
River-Danville basins in the eastern USA (Kent & Olsen 1997; Fig. 11). The 
magnetostratigraphy through the Chinle Group of the South Western USA (Molina-
Garza et al. 1996) is of insufficient sampling resolution to confirm the Newark 
Supergroup magnetostratigraphy, but appears to confirm the general reverse polarity 
character of the E8r to E12r and E17r to E20r intervals (Fig. 11). The polarity pattern 
through the lower and middle parts of the Passaic Fm is confirmed by data from the 
Fundy Basin (Kent & Olsen 2000), St Audrie’s Bay (Hounslow et al. 2004) and the 
Lunde and Lewis formations in the northern North Sea (Hounslow et al. 1995; Bayer 
& Lundschien 1998; Bergan 2005; Fig. 11). The dominantly reverse polarity interval 
E18r to E20r in the Newark Supergroup is confirmed by data from the Fundy Basin, 
the Chinle Group, St Audries Bay, and the Upper Lunde Fm (Kent & Olsen 2000, 
Molina-Garza et al. 1996, Hounslow et al. 2004, Bergan 2005; M. Bergan pers. comm. 
2008). Likewise the collection of poorly dated UK and Norwegian non-marine 
sections and cored intervals appears to confirm the general character of the E14r to 
E18n interval from the Newark Supergroup (Fig. 11). The polarity character of the 
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E13 to E14 interval is so far not strongly supported by data from any area outside the 
eastern USA. 
 
The correlation of the Newark Supergroup magnetostratigraphy to the numerous 
Norian–Rhaetian marine sections has attracted considerable debate, with alternative 
solutions offered by Gallet et al. (1993, 2000a, 2007), Krystyn et al. (2002), Channell 
et al. (2003), Muttoni et al. (2004b, in press) and Hounslow et al. (2004). The 
fundamental reason for such continued debate is the absence of any strong supporting 
biostratigraphic information that allows detailed correlation of the Newark 
Supergroup with successions outside the eastern USA. Palynofloral zonations and 
land vertebrate fauna chrons provide mostly ambiguous, low resolution correlations 
(Cornet 1993; Fowell & Olsen 1993; Lucas & Tanner 2007). Correlations are also 
hampered by the somewhat ambiguous middle Norian magnetostratigraphy from the 
marine sections, which are fragmented by disconformities and faulting (e.g. Fig. 9). 
These debates have focussed on two issues, firstly the location of the Carnian–Norian 
boundary in the Newark Supergroup and secondly the position and extent of the 
Rhaetian in the Newark Supergroup APTS.  
 
The Carnian–Norian boundary in the Newark Supergroup 
Muttoni et al. (2001b) sought a match of the magnetozone patterns across the 
conodont-based Carnian–Norian boundary at Pizzo Mondello and the palynology-
based Carnian–Norian boundary in the Newark Supergroup, which suggested a 
correlative Carnian–Norian boundary within Newark magnetozones E14n–E16n (Fig. 
12) and hence above the palynological Carnian–Norian boundary as originally placed, 
within Newark magnetozone ~E13 (Kent et al. 1995). Krystyn et al. (2002) used data 
from Bolücektasi Tepe, Kavur Tepe, Scheiblkogel and Kavaalani to construct an equal 
biozone upper Carnian–upper Norian composite which was then correlated to Newark 
Supergroup magnetozones E3–E22, with the Carnian–Norian boundary placed in 
magnetozone E7 (Fig. 8), using only pattern matching criteria. Channell et al. (2003) 
reached similar conclusions regarding the magnetostratigraphic position of the 
Carnian–Norian boundary in the Newark Supergroup, using a supporting argument 
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based around the vertebrate Paleorhinus. Muttoni et al. (2004b) attempted a 
correlation using a correlation- coefficient-based statistical approach, relating the 
thickness of Pizzo Mondello magnetozones to the duration of the correlative Newark 
Supergroup magnetozones, for each of the 16 possible relations. From a statistical 
standpoint their option #2 was the most robust and indicated the position of the 
Carnian–Norian boundary in magnetozone E7 (Fig. 8), similar to that proposal by 
Krystyn et al. (2002) and Channell et al. (2003), a correlation solution for the 
Lockatong Fm and upper parts of the Stockton Fm which is now generally accepted 
(Fig. 12).  
Location of the Norian–Rhaetian boundary in the Newark 
Supergroup 
Broadly there have been three proposed correlation options, which place the 
conodont-defined Norian–Rhaetian boundary into the Passaic Fm, correlation option 
A suggesting the lowest and option C the highest position of this boundary (Fig. 12).  
 
Option A has been proposed by Muttoni et al. (2004b, in press), working from the 
Carnian–Norian boundary upwards (based on the above statistical matching 
approach), suggesting the base Rhaetian correlates approximately with Newark 
Supergroup magnetozone E17 (Fig. 12), or somewhat above, at a level similar to the 
original palynological and astrochronological estimate of Olsen and Kent (1999). 
Channell et al. (2003) had reached much the same conclusion using the fragmented 
stratigraphy at Silická Brezová. Option A implies that the Newark interval E13–E14 
interval is incomplete in comparison to the marine sections, and that the interval 
UT23r–UT24r in the GPTS is equivalent to E17r to E20r in the Newark Supergroup 
(Fig. 12). 
 
Option B (Fig. 12), and variations on this option have been proposed by Krystyn et al. 
(2002), Gallet et al. (2003) and option 1 of Gallet et al. (2007). The strength of this 
option is the good polarity pattern match between the lower part of the Passaic Fm and 
the UT17 to UT20r interval in the GPTS. A weakness is the absence of a clear match 
to the reverse polarity dominated interval in the E18r–E20r interval in the Newark 
Supergroup (Fig. 12). Gallet et al. (2003) proposed correlations between the base of 
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E21n and UT22n, whereas a variation shown in Figure 12 is a higher correlation 
between E21n and UT25n which is more consistent with the underlying reverse 
polarity dominated interval UT23r to UT24r (Fig. 12). This option tends to imply 
large sedimentation rates changes in the marine successions around the Sevatian –
Rhaetian boundary interval. A dramatic reduction in sedimentation rate in the studied 
marine sections in the lowest Rhaetian, and large within-section sedimentation rate 
changes in the Sevatian, is a characteristic which is shown in the ST4/STK-A sections 
at Steinbergkogel (Fig. 10). In the non-marine European sections the interval 
correlated to E18r to E20r (Fig. 11) certainly witnessed dramatic environmental 
changes related to much wetter environments and initiation of marine transgressions. 
This may be reflected in the Tethyan pelagic sections around this interval by large 
reductions in sedimentation rates. 
 
Magnetozone UT20r has been an attractive target for correlation to the E18r–E20r 
interval (i.e. option C in Fig. 12), since it has relatively the thickest reverse 
magnetozone in the Pizzo Mondello, Kavur Tepe and Kavaalani sections. This option 
has been proposed by Hounslow et al. (2004) and option 2 of Gallet et al. (2007). The 
correlation in option C implies that both the UT17–UT20n interval in the marine 
sections and the E21 to E22 interval in the Newark Supergroup are incomplete (Gallet 
et al. 2007). Support for this option comes from a) the absence of typical European 
latest Triassic miospores from the Newark Supergroup (Van Veen 1995; Kuerschner 
et al. 2007)- although this may be a reflection of the differing floral province of the 
Newark Basin; b) the mid Norian GPTS through the interval UT17-UT20n is the most 
fragmented, and therefore might be expected to be incomplete, c) the only substantial 
fault in the cored Passaic Fm appears to be in magnetozone E22n (Olsen et al. 1996). 
 
Weaknesses of correlation option C are a) it lacks the additional thin normal 
magnetozones characteristic of the E18r–E20r interval in the Newark Supergroup; b) 
within the Blue Anchor Fm in the UK the dinoflagellate cyst Rhaetogonyaulux 
rhaetica is known from lower, reverse polarity, levels (Orbell, 1973) than those 
reported by Hounslow et al. (2004). In Tethyan sections in the Alps, R. rhaetica 
appears to characterise the middle and upper Rhaetian (Krystyn et al. 2007a), 
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suggesting that the base of the Rhaetian probably lies within or below the level of 
SA4r and its correlative interval E19r-E20r (Figs. 11, 12). 
 
There is no current resolution to these correlation problems, and therefore the 
cyclostratigraphy timescale from the Newark Supergroup cannot be easily applied to 
the GPTS (Fig. 14) through the Norian and Rhaetian. The fact that other non-marine 
sections through this interval seem to confirm the polarity character from the Newark 
Supergroup below E21n (Fig. 11) suggests that the problems largely reside with the 
marine section data- either missing or duplicated intervals or large within-section 
changes in sedimentation rates. 
 
A common assumption made for the Newark Supergroup magnetostratigraphy is that 
because of the very large sedimentation rate, it is the most complete record of the 
magnetic polarity in the Norian–Rhaetian (Gallet et al. 2007). This assumption is only 
valid if the coring obtained a complete succession. In the Newark Supergroup coring 
program, intercore-correlation was supported by ground mapping along with horizon 
correlation based on lithology and colour, supported by magnetostratigraphic 
correlation from core and limited outcrops (Olsen et al. 1996). Nevertheless, full 
succession recovery can be difficult to confirm in cyclically bedded red-beds like the 
Passaic Fm, because of small faults, unless very good well-log coverage and seismic 
surveys exist.  
 
The Triassic–Jurassic boundary 
The Triassic–Jurassic boundary (TJB) is proposed to be in the Kuhjoch section in 
Austria (von Hillebrandt et al. 2007) at the FO of the ammonoid Psiloceras cf. spelae. 
Since this or nearby sections have no magnetostratigraphy and no sections containing 
this ammonoid have a magnetostratigraphy, the identification of this boundary in other 
sections with magnetostratigraphy, such as St Audrie’s Bay and Oyuklu, is based on 
other correlation criteria. The two best possibilities are the use of carbon-isotopic 
curves, and palynological changes near the boundary, which demonstrate correlation 
to the St Audrie’s Bay magnetostratigraphy. 
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The organic carbon isotopic data at Kuhjoch and St Audrie’s Bay are quite similar, 
both display a dual-peaked initial negative isotopic excursion, prior to the first 
Psiloceras (marked ‘I’ in Fig. 13). At Kuhjoch, this initial dual peak is concentrated in 
the 10 cm at the base of the Tiefengraben Mb (von Hillebrandt et al. 2007), whereas at 
St Audrie’s Bay, it extends through the upper part of the Lilstock Fm (Hesselbo et al. 
2002; Fig. 13). In both sections, this initial negative peak includes the LO of 
conodonts. Above this level both sections show a peak in positive δ13Corg values (at 
the position of magnetozone SA5r at St Audrie’s Bay and within the Schattwald beds 
at Kuhjoch; Fig. 13), followed above by a decline to more negative values, with 
Psiloceras cf spelae at Kuhjoch about 0.5 m above a peak in negative δ13Corg (marked 
M1 in Fig. 13), and coinciding with a second smaller positive peak in δ13Corg (Fig. 13). 
Using only the isotope record for correlation suggests that the TJB proposed at 
Kuhjoch is approximately coincident with the first P. planorbis at the St Audrie’s Bay 
section (correlation C2 in Fig. 13). At Kuhjoch, above the TJB, there is a second 
negative excursion in δ13Corg (marked M2 in Fig. 13), which appears to be shown at St 
Audrie’s Bay within the lower range of P. planorbis (Fig. 13), although this later peak 
is not shown in other TJB interval isotopic records (McRoberts et al. 2007).  
 
Kuerschner et al. (2007) has suggested a correlation at a slightly lower level using the 
FO of Cerebropollenites thiergartii (correlation C1 in Fig. 13). The last occurrences 
of other significant miospore species (e.g. Ovalipollis pseudoalatus, Rhaetopollis 
germanicus and Ricciisporites tuberculatus) fall at different correlated levels, with 
only R. germanicus showing a LO within the main positive peak in the isotopic curve 
(Fig. 13). At Kuhjoch, the boundary between the TPo (Trachysporites- Porcellispora) 
and TH (Trachysporites- Heliosporites) zones is similar to that near the top of the 
Lilstock Fm, with both displaying an abundance peak in Kraeuselisporites 
(Heliosporites) reissingeri (Hounslow et al. 2004; Kuerschner et al. 2007), although 
the timing of these events appears to be different with respect to the carbon isotope 
data (Fig. 13). The Malanotte Fm in the Lombardian Basin displays a similar 
association to that seen at St Audrie’s Bay (Fig. 13), with an initial peak in negative 
δ
13Ccarb and an acme of K. reissingeri a little above (Galli et al. 2007). 
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Support for the lower correlation level (i.e. C1 in Fig. 13) is consistent with a wider 
set of much debated ammonite data. Whilst global correlation of species of Psiloceras 
is difficult, P. planorbis is commonly inferred to be age-equivalent or younger than 
the Psiloceras pacificum ammonite faunas (Guex et al. 2002; von Hillebrandt et al. 
2007). Similarly, the ammonites of the genus Neophyllites, whilst occurring prior to P. 
planorbis in NW Europe; in the New York Canyon area (Nevada, USA) this genus 
overlaps the range of Psiloceras tilmanni group ammonites (Guex et al. 2002). The 
lower correlation level (i.e. C1; Fig. 13) implies that the M1 isotopic negative 
excursion at St Audrie’s Bay occupies about 3 m of strata across the TJB at Kuhjoch. 
 
The magnetostratigraphy of the Montcornet core from the Paris Basin can be easily 
related to that from St Audrie’s Bay in that a detailed palynostratigraphy exists for 
both sections near the boundary (Yang et al. 1996; Hounslow et al. 2004). The upper 
boundary of the Argille de Levollois at 1075 m in the Montcornet core is closely 
coincident with a palynological change, very similar to that at the Lilstock Fm - Lias 
Group boundary at St Audrie’s Bay. Both sections show abundance peaks of K. 
reissingeri followed closely above by low diversity miospore assemblages dominated 
by Classopollis. The LO of Ricciisporites tuberculatus also occurs slightly above the 
acme of K. reissingeri. For this reason, the reverse magnetozone at 1073.8 m in the 
Montcornet core is probably the equivalent of SA5r, some metres below the likely 
position of the TJB at St Audrie’s Bay (Fig. 13). Between 1075 m and 1067 m in the 
Montcornet core are acme’s of K. reissingeri (1074.9–1074.23 m), Deltoidospora 
(1074.9–1067.8 m), and Concavisporites (1074.9–1070.1 m).  As in the St Audrie’s 
Bay section, this acme interval appears to be the equivalent of the upper part of the 
TPo or lower part of the TH assemblage zones of Kuerschner et al. (2007). Other thin 
(<0.3 m) reverse magnetozones occur higher in the Hettangian part of the Montcornet 
core, but have not apparently been detected at St Audrie’s Bay, probably because of 
insufficient sampling density and the much thicker Hettangian succession (some 140 
m) in the later area.  
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Magnetostratigraphic correlations between St Audrie’s Bay, Oyuklu, and Brumano-
Italcementi are problematic, particularly in the older parts of these sections. As a 
higher constraint, we use the LO of conodonts to correlation between the Oyuklu and 
St Audrie’s Bay sections, which at St Audrie’s Bay have their highest occurrence 
close to the initial negative δC13org peak (although, in some other sections, conodonts 
may range into younger strata closer to the positive peak in δ13C, Lucas & Tanner 
2007; McRoberts et al. 2007). At Oyuklu, the presence of the ammonite Phylloceras 
some 6 m above the last conodonts is the only solid evidence of truly Jurassic strata. 
The Rhaetian age of the Williton Mb and Westbury Fm in St Audrie’s Bay is shown 
by the dinoflagellate cyst Rhaetogonyaulax rhaetica, whose first occurrence appears 
to be younger than Sevatian-1 (Krystyn et al. 2007). The highest of the reverse 
magnetozones at Oyuklu (i.e. J-; Fig. 13) probably correspond to SA5n.1r at St 
Audrie’s Bay, and BT4r at the Brumano section. The correlations between the St 
Audrie’s Bay and the Italcementi sections close to the TJB are provided by the initial 
negative δC13org peak, and the K. reissingeri acme shortly above (Fig. 13). A more 
problematic visual match is between the H- to J- magnetozone interval at Oyuklu and 
what appears to be the BT2r to BT4r interval in the Lombardian Basin sections (Fig. 
13), but which has no contraining shared biostratigraphy. 
 
 
There has been much discussion about correlating from marine successions within the 
TJB interval into the thick non-marine successions of eastern North American (Kent 
& Olsen 1995; Muttoni et al. in press; Hounslow et al. 2004; Whiteside et al. 2007; 
Lucas & Tanner 2007; Gallet et al. 2007). The most recent synthesis places the TJB 
interval somewhere within the succession of interbedded basalts and sedimentary units 
above the Passaic palynofloral event (Lucas & Tanner 2007). A rough 
magnetostratigraphic constraint is provided by the good match between the lower part 
of the St Audrie’s Bay succession and the Newark Supergroup-Hartford Basin 
magnetozones E14 to E20 (Fig. 11), which suggests that the Newark Supergroup 
magnetozones E22-E23 is Rhaetian (Fig. 13). A further constraint is provided by the 
magnetostratigraphy of the Portland Fm in the Hartford Basin, overlying the basalt 
succession, which based on magnetostratigraphic correlation, probably places the base 
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of the Sinemurian around magnetozone H26r (Kent & Olsen, 2008). Around the 
Passaic palynofloral event, Whiteside et al. (2003) have an associated negative peak in 
δ
13Corg which is similar to that from marine successions (i.e. the initial negative δ
13C 
peak). This indicates that Newark Supergroup magnetozone E23r may be the 
equivalent of BT5n.1r in the Italcementi section (a one sample-based reverse interval 
in the upper part of BT5n) and UT27n.3r in the composite GPTS, a correlation which 
is consistent with the conclusions of Lucas and Tanner (2007).  
Conclusions 
The duration of the Triassic is some 51.1 Ma using the Changhsingian–Induan 
boundary at 252.6 Ma (Mundil et al. 2004) and the Rhaetian–Hettangian boundary at 
about 201.5 Ma (Schaltegger et al. 2008). Using a linear extrapolation in the pseudo-
height composite (Fig. 14) the base of the MT magnetochrons are very close to 247.2 
Ma, essentially those radiometric dates from the Guando sections (Lehrmann et al. 
2006). The age for the base of the UT magnetochrons is approximately 235.5 Ma 
based on the arguments presented previous for the Middle Triassic (Fig. 5). 
 
Linear interpolation (using the pseudo-height composite) of the radiometric ages have 
been used to add 1 my increments for the Induan through to the early Norian GPTS 
(Fig. 14). Those for the upper part of the Rhaetian are based on the Newark 
Supergroup APTS, which are constrained by a similar upper tie-point at ~201.5 Ma 
(Schaltegger et al. 2008). This cannot be usefully performed for the Norian, since its 
~25 my duration is not well constrained with radiometric ages, and there is no 
certainty in how to best correlate the Newark APTS to the marine based GPTS. 
 
The GPTS for the Triassic has some 133 magnetozones that appear to be soundly 
validated by existing data, but with some 37 additional tentative sub-magnetozones 
(Fig. 14). We have divided these into 50 magnetochrons corresponding to major N-R 
couplets. The validated magnetozones give a reversal rate of 2.6 rev/my, and average 
magnetochron duration of 0.38 Ma (Table 1). This reversal rate is similar to that in the 
Cenozoic. The Cande & Kent (1995) time scale, has 171 reversals from the base of 
magnetochron C29n at 64.745 Ma to the base of C1n at 0.78 Ma, yielding a mean 
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reversal frequency of 2.64 rev/my with a mean magnetochron duration of 0.379 my. 
The Lower and Middle Triassic have similar reversal rates of ~4 rev/my, but the 
Upper Triassic has a reversal rate which is approximately half of this (Table 1), 
indicating that the maximum magnetostratigraphic resolution available for dating and 
correlation is during the Lower and Middle Triassic.  
 
The proposed and ratified stage boundaries are for the most part reasonably well 
characterised by a known and validated magnetic polarity pattern. The Induan, Anisian 
and Ladinian, are perhaps the best characterised with multiple studies, along with the 
lower Norian and upper Carnian. In the Lower Triassic the lower part of the Olenekian 
is not strongly validated by data from multiple sections, which in-part may relate to 
inadequate biostratigraphic constraints. The Middle Triassic GPTS is for the most part 
well characterised by conodonts and secondarily by ammonoids, with low to high 
palaeolatitude correlations of the biozones supported by magnetostratigraphy 
(Hounslow et al. 2008b). Conodont biozonations provide the primary means of age 
calibrating the Upper Triassic GPTS. Parts of the Upper Triassic GPTS are not 
strongly validated in multiple sections with the existing data. The GPTS in the middle 
parts of the Carnian is the least well documented (UT5 to UT9), with intervals in the 
middle Norian (UT17 to UT20n) and middle Rhaetian (UT24 to UT26) possessing 
somewhat lesser degrees of uncertainty.  
 
For the Lower Triassic, the ages based on the radiometric control points, and the 
Buntsandstein astronomical time scale (ATS), are in some parts more than 1 my 
divergent. Some of this, particularly in the Olenekian, relates to the uncertainty in how 
to best correlate the magnetostratigraphy between the marine and non-marine 
successions. Part of the reason for the ‘bunching’ of the 0.2 my intervals in the 
Buntsandstein ATS (Fig. 14), presumably relates to the likely out of phase 
sedimentation rates, between these interior continental basins (i.e. Buntsandstein) and 
continental margin (i.e. Sverdrup- Barents Sea) records of magnetic polarity.  
 
The apparent confirmation of the Newark Supergroup magnetostratigraphy, by data 
from other non-marine sections (Fig. 11), indicates the generally robust nature of the 
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Newark Supergroup APTS. Therefore the problems in relating this to the GPTS are 
either omission (or duplication) in the marine Norian-Rhaetian section data, or that 
Upper Triassic, non-marine clastic and marine carbonate successions have strongly 
out of phase sedimentation rates- problems which will tax future research. Both of the 
enormously detailed magnetostratigraphic studies on the Buntsandstein and Newark 
Supergroup, indicate that without additional correlation constraints, there will often be 
additional uncertainty in using such polarity records for age control. This suggests that 
better integrated, multi-tool studies will be required to provide more detailed and 
better understanding of environmental and sedimentary systems in the non-marine 
Triassic. 
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Chron 
Interval 
Age range 
(my) 
Validated magnetozones Including tentative sub-
magnetozones 
  Reversal rate 
(rev/Ma) 
Mean chron 
duration (Ma) 
Reversal rate 
(rev/my) 
Mean chron 
duration (my) 
UT 33.9 1.9 [64] 0.53 3.0 [102] 0.33 
MT 11.7 3.8 [45] 0.26 4.4 [51] 0.23 
LT 5.5 4.4 [24] 0.23 9.8 [54] 0.10 
Triassic 51.1 2.6 [133] 0.38 4.1 [207] 0.25 
 
Table 1. Statistical information about the Triassic magnetic field divided into intervals 
corresponding to the chron numbering and radiometric age scaling used in Figure 14. 
Statistics are shown for validated polarity boundaries, and additional tentative, often 
short duration magnetozones. [..] indicates the number of magnetozones. 
 
FIGURE CAPTIONS 
Fig. 1. Summary of the bio-magnetostratigraphy across the Permian-Triassic boundary. Section 
data from left to right: Lower Guandao (Payne et al. 2004; Lehrmann et al. 2006); Meishan 
composite (Li & Wang 1989; Yin et al. 2001; Zhao et al. 2007); Shuijiang (Chen et al. 1994; 
Heller et al. 1995); Hechuan (Steiner et al. 1989); Shangsi composite compiled from Heller 
et al. (1988), Steiner et al. (1989), Glen et al. (in press), Lai et al. (1996), Nicoll et al. 
(2002) and Wignall et al. (1995); Abadeh (Gallet et al. 2000b); Bulla & Siusi (Perri & 
Spalletta 1998; Scholger et al. 2000; Perri & Farabegoli 2003; Horacek et al. 2007); 
Griesbach Creek (Ogg & Steiner 1991; Henderson & Baud 1997; Hounslow et al. 2008a); 
Vikinghøgda (Hounslow et al. 2008a). South China Conodont zones:- CS= Neogondolella 
(Clarkina) subcarinata ; NC= Ng. changxingensis yini – Ng. changxingensis ; LM= 
Hindeodus latidentatus - Ng. meishanensis. Shangsi ammonoid zones:- T-S = Tapashanites - 
Shevyrevites assemblage Zone; P-P = Pseudotirolites - Pleuronodoceras assemblage Zone. 
Conodont genus abbreviations: Ns= Neospathodus, Ng= Neogondolella. Thickness scales 
different for each section. Magnetozone width in the GPTS and section columns corresponds 
to data robustness and degree of confirmation from stratigraphically adjacent 
magnetostratigraphic sampling. 
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Fig. 2 Summary of the bio-magnetostratigraphy across the Induan-Olenekian boundary. Section 
data from left to right: Lower Guandao (Payne et al. 2004; Lehrmann et al. 2006); Hechuan 
(Steiner et al. 1989), West Pingdingshan (Sun et al. 2007, 2009); Mud, Spiti (Krystyn et al. 
2007b); Bulla & Siusi (Scholger et al. 2000; Perri & Farabegoli 2003; Horacek et al. 2007); 
Ellesmere Island (Ogg & Steiner, 1991, Orchard, 2008; Beatty et al. 2008, Baud et al. 2008, 
T. Beatty pers comm. 2008); Vikinghøgda (Hounslow et al. 2008a, Nakrem et al. 2008). See 
Fig. 1 for key. Ammonoid genus abbreviations in key, others on Fig. 1. Thickness scales 
different for each section. MC= magnetochrons. 
Fig. 3. Summary of the bio-magnetostratigraphy across the Olenekian-Anisian boundary. Section 
data from left to right: Guandao (Lehrmann et al. 2006; Orchard et al. 2007); Hechuan 
(Steiner et al. 1989); Chios (Muttoni et al. 1995); Dont-Monte Rite and Nderlysaj (Muttoni 
et al., 1998); Granitovo (Muttoni et al. 2000); Kçira (Muttoni et al. 1996a); Dęsli Caira 
(Grădinaru et al. 2007).  Ellesmere Island composite is from the Smith Creek and Creek of 
Embry sections of Ogg & Steiner (1991) and Orchard (2008). Upper Silesia composite 
(Nawrocki 1997; Nawrocki & Szulc 2000); Spitsbergen composite (Hounslow et al. 2008a,b, 
Galfetti et al. 2007b). The base Anisian used is the first occurrence of Cs. timorensis in the 
Dęsli Caira section (Grădinaru et al. 2007). Thickness scales different for each section. See 
Fig. 1 for key. Ammonoid genus abbreviations from Fig. 2 and key.  
Fig. 4. Correlation between the magnetostratigraphy of non-marine Lower Triassic sections and 
the marine GPTS. Section data from left to right: Russia- columns left to right from Figures 
16, 29 & 14 of Molostovsky (1983), vertebrate data from Figure 35 of Molostovsky (1983), 
two left columns have no vertical scale; Karoo Basin (Ward et al. 2005; Steiner et al. 2003); 
Virgin River- Gray Mountain (Bissell 1973; Steiner et al. 1993; Lucas et al. 2007a,b); 
Dolores River (Helsley 1969; Helsley & Steiner 1974); Chugwater composite (Boyd & 
Maughan 1973; Shive et al. 1984; Steiner 2006); Central German composite (Szurlies 2007; 
Hounslow et al. 2007b; Heite et al. 2005, 2006; Heunisch 1999; C. Huenisch pers comm..); 
Polish Buntsandstein composite (Nawrocki 1997; Szurlies 2007). Thickness scales different 
for each section except for Moscow Basin and Obslicliey Syrt which have no scale. See Fig. 
1 for key. PAZ= Boreal miospore zonation (Hounslow et al. 2008b). MC=magnetochrons. 
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Fig. 5. Summary of the bio-magnetostratigraphy across the Anisian-Ladinian and the Ladinian-
Carnian boundary. Section data from left to right: Margon-Val Gola (Gialanella et al. 2001 
reinterpreted by Brack et al. 2001), Frötschbach (Muttoni et al. 1996b, 1997), Seceda 
(Muttoni et al. 2004a), Felsöörs (Márton et al. 1997; Vörös et al. 2003), Pedraces and 
Belvedere (Brack & Muttoni 2000), Aghia Triada (Muttoni et al. 1994b, 1997), 
Mendlingbach West, Gamsstein 1, Mayerling  (Gallet et al. 1998), and Stuores (Broglio 
Loriga et al. 1999). Stratigraphic depth of sections expressed in meters. In left panel: (1) 
Middle Triassic stages, (2) Middle Triassic sub-stages, (3) ammonoid zonation, and (4) 
composite magnetostratigraphic sequence arranged in magnetochrons MT6 to UT3. 
Thickness scales different for each section. See Fig. 1 for key. Conodont genera: B. = 
Budurovignathus; Gl. = Gladigondolella; M. = Metapolygnathus; N. = Neogondolella; P. = 
Paragondolella; Pr. = Pridaella; S. = Sephardiella. Sources: for Frötschbach, Seceda, 
Pedraces, and Belvedere, see compilation in Muttoni et al. (2004a); for Aghia Triada, 
Mendlingbach West, Gamsstein 1, and  Mayerling, see compilation and notes in Muttoni et 
al. (2000); for Stuores, see Broglio Loriga et al. (1999). 
 Fig. 6. Summary of the bio-magnetostratigraphy from non-marine Middle Triassic sections, and 
possible correlations to the marine bio-magnetostratigraphy. Section data from left to right: 
Badong, Sangzhi and Nanzhang (Huang & Opdyke 2000); Riera de Sant Jaume (Arche et al. 
2004; Dinarès-Turrell et al. 2005); Molina de Aragòn (Rey et al. 1996; Arche et al. 2004; 
Dinarès Turrell et al. 2005); Budleigh Salterton- Sidmouth (Benton 1997; Hounslow & 
McIntosh 2003); Upper Silesia (Nawrocki & Szulc 2000; Nawrocki 1997); Central Germany 
(Heunisch 1999; Szurlies 2007; Hounslow et al. 2007b, C. Heunisch pers comm. 2008). 
Thickness scales different for each section. See Fig. 1 for key. GPTS column from Figs. 3 
and 5. 
Fig. 7. Summary of the bio-magnetostratigraphy across the Carnian-Norian boundary. Section 
data from left to right: Guri Zi (Muttoni et al. 2005); Pizzo Mondello (Muttoni et al. 2004b); 
Silická Brezová (Channell et al. 2003); Bolücektasi Tepe (Gallet et al. 1992, 2000a); 
Kavaalani (Gallet et al. 2000a). Stratigraphic thickness of sections in meters. In right panel, 
composite GPTS arranged in magnetochrons UT19 to UT14 with indication of the position 
of the conodont-based Carnian–Norian boundary (provisionally placed at the FOs of 
Metapolygnathus echinatus and M. parvus at Pizzo Mondello; Nicora et al. 2007) and U-Pb 
radiometric estimate of magnetochron UT10n from Furin et al. (2006). Thickness scales 
different for each section. See Fig. 1 and 5 for key.  
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Fig. 8 Summary magnetic polarity pattern for the Carnian. Section data from left to right: 
Tampen Spur, Snorre (Nystuen et al. 1989; Eide, 1989; Bayer & Lundschien 1998); 
Vendomdalen (Hounslow et al. 2008b); Newark Supergroup (Kent & Olsen 1995; Le 
Tourneau 1999); Pizzo Mondello (Muttoni et al. 2004b); Mayerling  (Gallet et al. 1998), 
Silická Brezová (Channell et al. 2003); Stuores (Broglio Loriga et al. 1999); Kavaalani 
(Gallet et al. 2000a); Erenkolu Mezarlik and Bolücektasi Tepe (Gallet et al. 1992, 2000a); 
Guri Zi (Muttoni et al. 2005). Julian, Tuvalian Lacian are substages and their subdivisions 
detailed in Gallet et al. (1992) and Krystyn et al. (2002). Thickness scales different for each 
section. See Fig. 1 and 3 for key.  
Fig. 9 Summary magnetic polarity pattern for the Norian, based on inter-section correlation. 
Relative thickness of magnetozones determined by the correlation grid (horizontal lines), 
with the scale provided by the appropriate section indicated on the right (see text for details). 
Section data from left to right: Scheiblkogel (Gallet et al. 1996); Kavur Tepe (Gallet et al. 
1993, 2000a); Pizzo Mondello (Muttoni et al. 2004b); Kavaalani (Gallet et al. 2000a); 
Silická Brezová (Channell et al. 2003); Bolücektasi (Gallet et al. 1992, 2000a); Bolücektasi 
(Gallet et al. 1992, 2000a). Thickness scales different for each section. See Fig. 1 for key. 
Conodont zonation and sub-stage divisions of Gallet et al. (1992, 2000a) and Krystyn et al. 
(2002). Substage divisions: Tu-3= Tuvalian-3; La-1, La-2, La-3= Lacian 1, 2 and 3; Al-1, Al-
2, Al-3=Alaunian 1, 2 and 3; Sev-1, Sev-2=Sevatian 1 and 2. C.bZ=conodont biozone. 
Conodont biozonation on the Silická Brezová column from Channell et al. (2003). Sections 
segmented according to the hiatus and faulting information given by authors.  
Fig. 10. Summary magnetostratigraphy of the Norian-Rhaetian boundary. Section data from left 
to right: Brumano (Muttoni et al. in press); Oyuklu (Gallet et al. 2007); Steinberkogel 
(Krystyn et al. 2007a); Scheiblkogel (Gallet et al. 1996); Pizzo Mondello (Muttoni et al. 
2004b); Silická Brezová (Channell et al. 2003); Bolücektasi (Gallet et al. 1992, 2000); 
Kavaalani (Gallet et al. 2000a); Kavur Tepe (Gallet et al. 1993; 2000a). Sections segmented 
according to the hiatus and faulting information given by authors. Thickness scales different 
for each section. See Fig. 1 for key.  
Fig. 11. Summary of non-marine magnetostratigraphic studies of the Norian-Rhaetian. Section 
data from left to right: Snorre, Tampen Spur (Nystuen et al. 1989; Bayer & Lundschien 
1998; Bergan 2005; M. Bergan, pers comm. 2008); Lewis Fm, Beryl area (Hounslow et al. 
1995; Bond 1997); St Audrie’s Bay (Hounslow et al. 2004); Chinle group (Reeve & Helsley 
1972; Molina-Garza et al. 1996; Lucas 1999); Fundy Basin (Kent & Olsen 2000); Dan 
River- Danville basins (Kent & Olsen 1997); Newark Supergroup, Newark Basin (Kent et al. 
1995). Thickness scales different for each section. See Fig. 1 for key.  
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Fig. 12. The main options for correlating the Newark Supergroup magnetostratigraphy to the 
GPTS from Figs. 9 and 10. Double-headed dashed line emphasises the key interval of E20r 
and its suggested correlation to key intervals in the Newark Supergroup for these three 
options. See text for discussion. G2003- alternative correlations for option B proposed by 
Gallet et al. (2003). See Fig. 1 for key. 
Fig. 13. Summary magnetostratigraphy of the Triassic-Jurassic boundary. Section data from left 
to right: Kuhjoch (Kuerschner et al. 2007; von Hillebrandt et al. 2007); St Audrie’s Bay 
(Hesselbo et al. 2002; Hounslow et al. 2004); Montcornet core (Yang et al. 1996); Oyuklu 
(Gallet et al. 2007); Lombardian basin (Muttoni et al. inpress), Newark and Hartford basins 
(Kent et al. 1995; Kent & Olsen 2008). Thickness scales different for each section. See Fig. 
1 for additional keys. See Figs. 9 & 10 for conodont genus abbreviations, and Sevatian sub-
divisions. Ammonoid genus abbreviations, P.= Psiloceras. I, M1, M2 negative isotopic 
excursions at Kujoch. C1, C2 possible correlation options between the Kujoch and St 
Audrie’s Bay sections (see text). 
Fig. 14. Summary bio-magnetostratigraphic timescale for the Triassic, based on joint scaling of 
Figs. 1,2,3,5,7,8,9,10 and 12. No attempt is made to standardize the linked biostratigraphic 
zonations, which simply show the character of the supporting biostratigraphy (see text and 
previous figures for details). Radiometric ages from Brack et al. (2001), Mundil et al. 
(2004), Furin et al. (2006), Lehrmann et al. (2006), Galfetti et al. (2007a), Schaltegger et al. 
(2008), with additional discussion in text. Age in 1 my increments based on linear 
interpolations of radiometric ages for Induan to Carnian. Buntsandstein astronomical 
timescale (ATS) from Szurlies (2007), based on Fig. 4 correlations. See Fig. 1 for key. 
C.bZ= conodont biozones, AZ=Ammonoid zones, PAZ= Miospore assemblage zones (Lower 
Triassic from Hounslow et al. 2008a,b). See Figs. 8, 9, 10 and 12 for details of Upper 
Triassic bio-zonations.  
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